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ABSTRACT
Little is known of how a strong immune response in the
lungs is regulated to minimize tissue injury during se-
vere influenza A virus (IAV) infection. Here, using a
model of lethal, high-pathogenicity IAV infection, we
first show that Ly6ChiLy6G– inflammatory monocytes,
and not neutrophils, are the main infiltrate in lungs of
WT mice. Mice devoid of iNKT cells (J�18�/� mice) have
increased levels of inflammatory monocytes, which
correlated with increased lung injury and mortality (but
not viral load). Activation of iNKT cells correlated with
reduction of MCP-1 levels and improved outcome. iNKT
cells were able to selectively lyse infected, MCP-1-pro-
ducing monocytes in vitro, in a CD1d-dependent pro-
cess. Our study provides a detailed profile and kinetics
of innate immune cells in the lungs during severe IAV
infection, highlighting inflammatory monocytes as the
major infiltrate and identifying a role for iNKT cells in
control of these cells and lung immune-pathology. J.
Leukoc. Biol. 91: 357–368; 2012.

Introduction
The cause of mortality in high-pathogenicity IAV is unclear. It
is likely to involve strain-specific viral factors, such as the pro-
pensity of the 1918 IAV to induce host immune response
genes associated with inflammation and cell death pathways
[1], increased ability of the virus to replicate at high efficiency
[2], and host factors, such as a disproportionate (or deficient)
immune response. With a high viral load, the immune re-

sponse is highly activated but can be ineffective and is often
accompanied by severe tissue injury. Most of the damage is
thought to relate to the innate rather than adaptive immunity,
but it is clear that innate immune cells are also required to
clear viruses. Macrophages, DCs, and NK cells are particularly
critical in the initial control of virus, and they also contribute
to regulation of the adaptive-immune response during IAV
infection [3]. Less is known of the contribution of monocytes
and neutrophils to protection, although both subsets seem
crucial for survival in high-pathogenicity IAV infection. Neu-
trophil-deficient mice infected with the H5N1 IAV strain [4]
and mice lacking MCP-1 (also known as CCL-2), a chemoat-
tractant for monocytes, have a worse outcome [5] than wild-
type (WT) mice. However, removal of components of the
innate system also resulted in improved survival, as mice defi-
cient in NOS II and TNF-� (both produced mainly by myeloid-
derived cells in the lungs) [6] and CCR2 (receptor for MCP-
1)-deficient mice showed decreased mortality when infected
with IAV [7]. Therefore, appropriate regulation of innate cells
appears key to an optimal innate immune response—one that
provides maximal protection and minimal bystander tissue
damage. Relatively little is known about how the innate im-
mune response is regulated.

One potential mechanism of regulation could involve a
group of cells with immune-regulatory properties, called iNKT
cells. These are unique subset of T cells with an invariant T
cell receptor (TCR) that recognizes self and foreign glycolipid,
presented by CD1d, a nonpolymorphic, MHC I-like protein
[8]. Upon activation, iNKT cells release a cascade of cytokines;
they mature DCs, activate NK cells, and help polyclonal anti-
body secretion [8, 9]. iNKT cells can also induce adaptive
TH1-biased immune responses required for effective control of
viral pathogens [10] and optimal host response [11–13]. Mice
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lacking iNKT cells have worse outcome in models of Streptococ-
cus pneumoniae, Pseudomonas aeruginosa, and Chlamydia pneumo-
nia infections, Herpes simplex virus 1 and 2, murine CMV,
lymphocytic choriomeningitis virus, and respiratory syncytial
virus [14]. The specific importance of iNKT cells in antiviral
immunity is supported by existence of viral mechanisms to
down-regulate CD1d, allowing pathogens to evade recognition
by these cells [15, 16]. We and others [17, 18] have shown
recently that iNKT cells enhanced the immune response, re-
duced viral load, and improved outcome in mild (nonlethal),
resolving IAV infection. In our present study, we are less inter-
ested in immune protection, rather, in whether iNKT cells can
reduce immune-pathology in a situation where the host de-
fense is maximally activated.

We show here that in a high immune-pathology, IAV infec-
tion model, iNKT cells did not affect viral load but rather, re-
duced lung injury. We also demonstrate that in severe IAV in-
fection, inflammatory monocytes were the dominant immune
cells in the lungs. Without iNKT cells, MCP-1 levels and in-
flammatory monocytes increased locally in the lungs, leading
to higher numbers of mature macrophages. iNKT cells were
capable of (preferentially) lysing IAV-infected monocytes in a
CD1d-dependent process in vitro. We suggest that this may be
a mechanism for control of this population of cells and reduc-
tion of immune-pathology during severe IAV infection.

MATERIALS AND METHODS

Virus infection and mice
C57BL/6 mice were obtained from breeding pairs originally purchased
from The Jackson Laboratory (Bar Harbor, ME, USA). Mice lacking the
J�18 TCR gene segment [19] were kindly provided by Professor Masuru
Taniguchi (RIKEN, Japan) and have been backcrossed at least 12 times
with the C57BL/6 WT mice. All mice were maintained at the Biomedical
Services Unit at the John Radcliffe Hospital (Oxford, UK) and were used
according to established institutional guidelines. H1N1 was kindly provided
by Professor John Skehel from the National Institute of Medical Research,
Mill Hill (London, UK), and was administered intranasally to mice using
methods described previously [17]. �GC (2 �g; Alexis Biochemicals,
Axxora, Nottingham, UK) or control (vehicle media for �GC) [17] was
administered by i.p. injection at the point of viral challenge. BAL fluid was
obtained using methods described previously [17]. All animals were used
according to established University of Oxford institutional guidelines (Ox-
ford, UK) under the authority of a UK Home Office project license.

Viral titers were determined by serial dilution of mouse lung homoge-
nates and tested for infectivity of Madin-Darby Canine Kidney cells. Infec-
tious viral titer was determined according to the Reed and Muench
method to obtain the TCID50/pair of lungs [20].

Histology assessment was made of H&E-stained sections obtained from
the ventral and basal areas of the right lung. This was performed by a his-
topathologist (C. Clelland), who was blinded to the status of the treatment.

Cytokine and chemokine proteins were measured in serum and BAL
using the Bio-Plex mouse cytokine array system (Bio-Rad, Hercules, CA,
USA), according to the manufacturer’s instructions.

Flow cytometry and reagents
Freshly isolated BAL cells or splenocytes were incubated with antimouse
CD16/32 (Fc�III/IIR) and then multistained with different combinations
of CD3, CD4, CD8, GR1 (RB6-8C5 clone), CD11b, F4/80, Ly6G (1A8
clone), Ly6C (1G7.G10 clone), and �GC-CD1d dimer with appropriate iso-
type controls from the same companies. Some experiments were also

stained concomitantly with �GC-CD1d tetramer (provided by Vincenzo Ce-
rundolo, University of Oxford, UK) to ensure comparable staining between
dimers and tetramers. All mAb were purchased from eBioscience (San Di-
ego, CA, USA), apart from Ly6G and Ly6C (Miltenyi Biotec, UK). The
dead cell population was determined initially in each organ population by
Hoescht or 7-amino-actinomycin D staining. �GC-CD1d dimers were gener-
ated by loading of excess �GC (10 M) in solution with 8 �g soluble diva-
lent human CD1d-IgG1 protein (BD PharMingen Biosciences, Oxford,
UK), as described by the manufacturers and also, as described previously
[17], followed by PE-coupled antimouse IgG1 (BD PharMingen Biosci-
ences) at a 2:1 wt:wt ratio.

Intracelullar cytokine staining was performed as described previously [21].

Immunofluorescence and immunohistochemistry
Paraffin-embedded sections of whole lungs were stained with MCP-1 poly-
clonal antibody (ab7202) or rabbit polyclonal IgG (ab27478), both from
Abcam (Cambridge, UK) using the Envision detection system (Dako, Cam-
bridge, UK), according to the manufacturer’s instruction. Antigen retrieval
was performed using “target retrieval solution” (citrate buffer; Dako) for 20
min in the microwave.

BAL cells from FACS-sorted populations stained with CD11b, Ly6C, and
Ly6G were cytospun onto glass slides and stained with hematoxylin solution
(Sigma-Aldrich, UK) for 2 min.

Immunoflourescence of H1N1 IAV-infected Beas2B was performed using
anti-HA mAb (a kind gift from Professor Alain Townsend, University of Ox-
ford), with Alexa Fluor 488 goat antimouse IgG (Invitrogen, UK) as sec-
ondary mAb.

MCP-1 expression by qPCR
The iNKT clone was first cultured with �GC-loaded (or nonloaded)
721.221 (a human B cell line transfected with CD1d) in a 4-h coculture to
provide activated or nonactivated iNKT cells. The iNK7 cells were then
FACS-sorted from this coculture based on a FSC-SSC appearance so that
they are untouched by antibody binding (for gating strategy and confirma-
tion of purity of untouched iNKT cells, see Supplemental Fig. 4). Beas2B
cells were infected with 400 HAU/mL of H1N1 and infections confirmed
by positive expression of anti-HA mAb. Infected, adherent Beas2B cells
were then cocultured with activated (vs. nonactivated) iNKT cells at a 1:1
Beas2B:iNKT cell number ratio.

RNA was extracted from Beas2B with the RNeasy mini kit (Qiagen, UK),
according to the manufacturer’s instruction, and reversed transcribed using
the Superscript III RT enzyme (Invitrogen). The SYBR Green qPCR meth-
ods were used and described in Supplemental Methods online.

MCP-1 blocking experiments
J�18�/� mice were infected with H1N1, as described above, and on Days 2,
3, and 4 after infection, 20 �g goat antimouse CCL2/MCP-1 (AF-479-NA)
blocking antibody (R&D Systems, Minneapolis, MN, USA) was administered
to these mice. On Days 2 and 4, blocking antibody was given i.v. and Day 3,
i.p. Normal goat IgG (AB-108-C) (R&D Systems) was used as control.

Cell lines and clones
Beas2B and 721.221 cells were purchased from American Type Culture
Collection (Manassas, VA, USA). CD1d-transfected 721.221 cells were a gift
from Drs. Demin Li and Xiao Ning Xu (University of Oxford). iNKT
clones were generated as described previously [21]. All cell lines and
clones were tested for Mycoplasma infections.

Lysis and infection of human primary monocytes and
neutrophils
Human monocytes were extracted from PBMCs isolated from normal indi-
viduals using CD14 MicroBeads (Miltenyi Biotec), according to conditions
set out by the manufacturer. Infection of monocytes and neutrophils was
performed by infecting 1 � 106 cells with 400 HAU/ml H1N1 in 200 �l
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RPMI medium without serum but with 2 �g/ml trypsin (BD PharMingen
Biosciences). After 1 h, cells were washed once and plated onto six-well
plates with RPMI/10% (v/v) FCS or used immediately. Viral infectivity was
confirmed with anti-HA mAb by flow cytometry.

Neutrophils were isolated from citrated blood by Dextran sedimentation
of erythrocytes, followed by centrifugation over Percoll (Sigma-Aldrich)
density gradient. Cell purities were determined by nuclear morphology of
neutrophils on hematoxylin-stained cytospins.

51Cr-release assay was performed as described previously [21], some with
addition of 25 ug/ml final concentration CD1d blocking antibody
(CD1d42; eBioscience) or a dose range of CD1d blocking antibody.

Statistical analysis
Differences in measured variables among groups of mice were determined
using one-way ANOVA, where three groups of mice were compared at one
time-point, and repeat measures ANOVA, where multiple time-points were
used. Tukey test was used post-test to compare among groups. Survival
curves were analyzed using a log-rank (Mantel-Cox) test. Student's t test was
used when two groups were compared. Data are expressed as mean � sem.
All statistical analyses were performed with the SPSS-Sigma Stat software.
Significance was set at a P value of �0.05.

RESULTS

Lack of iNKT cells results in increased mortality in
high-pathogenicity IAV infection
We first set up a murine model of a severe, lower respiratory
tract infection using H1N1 IAV. Mice succumbed to severe
lower respiratory tract pathology (Supplemental Fig. 1A). This
model was distinct from the models used in our previous study
[17] and that of De Santo and coworkers [18], which were
models of mild and resolving IAV infection. In the murine
model used in this paper, lung viral loads were three to four
orders of magnitude higher than the mild model, mice lost
more weight, and there was severe immune-pathology in the
lungs, making this a model of highly active immune response
with accompanying severe lung pathology (Supplemental Fig.
2A–C), rather than a model of immune protection (Supple-
mental Fig. 1B and ref. [17]).

In this IAV infection model, we found an accelerated rate of
weight loss and fatality in iNKT-deficient (J�18�/� mice) com-
pared with WT mice (Fig. 1A and B). Conversely, mice that
received �GC (which caused specific activation of iNKT cells)
at the point of intranasal influenza virus inoculation demon-
strated better disease course and survival rates (Fig. 1A and B).

To determine if these differences were a result of different
viral loads, lungs were removed at defined time-points (Days 1,
3, and 5 after challenge), homogenized, and clarified for viral
titer estimation. Lung viral loads were not significantly differ-
ent among the three groups at any of these time-points (Fig.
1C). On Days 3 and 5, viral titers were also determined for the
spleens and livers of mice to examine for potential viral dis-
semination. No virus was detected in these distant organs in
any mice (data not shown).

Increased mortality in iNKT-deficient mice is caused
by increased lung injury
As viral titers and dissemination were not different among the
three groups of mice, we questioned whether increased lung

immune-pathology could be the cause for the increased deaths
in iNKT-deficient mice. On Day 5, freshly harvested lungs
from these mice showed greater overt evidence of tissue injury,
with widespread hemorrhagic and inflamed areas compared
with WT-infected mice (Fig. 1D–G). Mice that received �GC
had healthier, and better aerated and perfused areas in the
lungs (Fig. 1F).

Signs of severe injury, characterized by completely denuded
epithelium and squamous metaplasia of the bronchial epithe-
lium, were also observed in iNKT-deficient mice but not in
mice from any other groups (Fig. 1H and Supplemental Fig.
2D and E).

Ly6ChiLy6G– inflammatory monocytes are the
dominant cells in the lungs of WT mice during
high-pathogenicity IAV infection
We first determined the subsets of innate immune cells in-
volved in the immune response leading to lung pathology.
Representative sections of formalin-preserved, nonlavaged
lungs were prepared on Days 1, 3, and 5 from WT mice after
IAV infection, stained with H&E, and analyzed blind by a his-
topathologist. We found complex and evolving changes in in-
nate immune cell viability, size, and granularity in the lungs of
WT mice during IAV infection (Fig. 2A–C). Cellular infiltrate
to airway lumens of lungs on Day 1 was not significantly differ-
ent from uninfected WT, and comprised mainly of resident
alveolar macrophages (Fig. 2A), but by Day 3, large numbers
of bronchi were filled with cells with a different morphology
(Fig. 2B). Morphologically, these cells represented monocytes,
macrophages, and neutrophils of different maturity (evident
from size of cells, granules, vacuoles, and shape of nuclei). On
Day 5, cells changed further in terms of size and vacuolation, and
there were large numbers of cells with apoptotic bodies (Fig. 2C).

To delineate the identity of these cells, we used Ly6C and
Ly6G staining. We found that staining of live cells revealed
extra subsets in the lungs, not usually observed in the spleen
(Fig. 2D). To analyze these changes further, we included fur-
ther staining with CD3, CD11b, F4/80, FSC, and SSC and used
a phenotyping strategy comprising six-color flow cytometry
staining, gating on live/apoptosing cells only (Hoeschtneg/mid

cells), and use of multiple “all-but-one” mAb stainings in the
six-color panel to discriminate between negative and positive
staining populations on the FACS plot for live cells of differ-
ent sizes and granularity. For example, to determine where to
gate for positively staining F4/80 cells for Ly6C�Ly6G� cells,
we stained the BAL cells with all but F4/80 (isotype control is
used instead). With this method, we were able to accurately deter-
mine positive staining for cells with different sizes and granularity,
which exhibited different degrees of autofluorescence.

Gating on CD11b�CD3– cells (Supplemental Fig. 3), Ly6G
and Ly6C expression defined specific subsets of innate cells,
CD11bhiLy6ChiLy6G–, CD11bhiLy6ChiLy6G�, CD11bhiLy6Chi

Ly6G�F4/80� (gates “ii”, “iii”, and “iv”, respectively, in Fig. 2E
and F), and CD11bhiLy6CmidLy6G�F4/80– (gate “v” in Fig. 2E
and F). Gate “v” was found on FACS sorting to be the only
subset with multilobulated-nucleated cells (100% of gate; Fig.
2G). We reasoned that on Day 3, gate “ii” contained inflamma-
tory monocytes because of its FSC/SSC distribution, indicating
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that they were small but increasingly complex or granular
cells. Gate “iii” had larger and more complex cells, which
had the highest F4/80 expression, whereas gate “iv” was
likely to be an extension of gate “ii”, making gates “iii” and
“iv” macrophages, and differentiating monocytes respec-
tively. Gate “vi” comprised degranulating cells, which were
also Hoeschtmid (Fig. 2G). By Day 5, there was a slight shift
in the FSC/SSC of these Ly6G�/�Ly6C�/� subsets, and
gates “ii”, “iii”, and “iv” had greater proportions of more
complex cells, likely signifying maturing of these cells with
acquisition of larger vacuoles.

These staining panels demonstrate that the inflammatory
monocyte-macrophage continuum was the dominant cell

group in lungs of IAV-infected WT mice (Figs. 2E and F
and 3C–E). The neutrophils (gate “v”) were the next-largest
population, but in terms of absolute numbers, they were
fourfold less than the inflammatory monocytes (Figs. 2E
and F and 3C–E). None of the CD11bhiLy6ChiLy6G�/� cells
were CD11c� on Day 3, but up to 50% of the cells gained
CD11c expression by Day 5 (Fig. 2H). We found no CD115
expression in any of the BAL cellular infiltrate, although
CD115 was expressed in concomitant staining of spleen
Ly6C� cells (data not shown). We did not examine iNOS
and TNF expression in these cells, but by the lack of CD11c
expression in any of these cells on Day 3 (Fig. 2H), it was
unlikely that the Ly6Chi cells on Day 3 were TipDCs.
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Figure 1. Lack of iNKT cells results in severe
lung injury and increased mortality in high-patho-
genicity IAV infection. (A and B) Outcome from
high-pathogenicity IAV infection in iNKT-defi-
cient mice [knockout (KO); J�18�/�], WT
(C57Bl/6), and WT mice injected with �GC i.p.
at the point of viral challenge; n � 18 mice/
group from three consecutive experiments. Val-
ues are mean (�sem); *P value in A refers to
comparison between WT C57Bl/6 mice infected
with IAV (“wt�flu”) and WT C57Bl/6 mice in-
fected with IAV and given i.p. �GC (“wt
�flu��GC”), where matched numbers were pres-
ent, using repeat measures ANOVA (until Day 7).
From Day 8 onward, mice started dying in each

group, and unbalanced numbers were present among the groups; in B, **P � 0.001 (log-rank Mantel-Cox test) for sur-
vival curve among the three groups. (C) Viral titers in homogenized lungs, measured as TCID50. (D–G) Freshly isolated
lungs from mice killed on Day 5 after infection, showing areas of injury, worst in iNKT-deficient mice (G). The photo-
graphs are representative of 12 mice in each group. Arrows point to inflamed, poorly perfused, injured areas of lungs.
iNKT-deficient mice showed widespread and frankly hemorrhagic areas (G). (H) H&E section from an iNKT-deficient
mouse on Day 5 after infection, showing presence of respiratory tract infiltrate from iNKT-deficient mice, and areas of
squamous metaplasia (arrow), the latter not observed in other groups of mice (see also Supplemental Fig. 2D and E).
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ded lungs from WT mice on Days 1, 3, and 5 after IAV infection, demonstrating complex changes in morphology and types of cells within lumen
of respiratory tracts during IAV infection. Arrow, resident alveolar macrophage; L, lumen of bronchus; E, bronchial epithelium; mo, monocytes; n,
neutrophils; m, macrophage; ly, lymphocyte; a, cell with apoptotic bodies; mm, mature macrophage ready for degranulation. (D) Ly6C-Ly6G stain-
ing of CD3– cells in BAL and splenocytes on Day 3 after IAV challenge for WT mice. (E and F) FACS plots of BAL cells from IAV-infected WT
mice, gated on CD3– cells, with Ly6C, Ly6G, and F4/80 staining of cells and their FSC/SSC profiles. Percent refers to proportion of CD3–CD11b�

cells. Broken line refers to division between positive and negative staining for Ly6G. Histograms are F4/80 staining for each individual gate
(“i”–“v”; gray) against isotype control (unfilled histogram curves). Representative plot shown for n � 6 mice. (G) Hematoxylin staining of cells
FACS-sorted from gates “ii” to “vi” show that “v” cells are multinucleated; “ii”–“iv” cells are a mixture of granular, vacuolated, with some multinu-
cleated (representative figure shown); and “vi” cells are degranulated or dying cells and make up an average 55% of gated cells. (H) CD11c ex-
pression of all live (Hoeschtneg) cells in BAL on Days 3 and 5 after IAV infection, showing barely any CD11c staining on Day 3 but increase in
CD11cmid (gate “a”) and CD11chi (gate “b”) staining by Day 5.
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iNKT-deficient mice have higher numbers of
inflammatory monocytes and macrophages in the
lungs, and activation of iNKT cells reduced numbers
of inflammatory monocytes and tissue injury
We next questioned whether iNKT cells were observed in lungs of
mice with lethal IAV infection and whether iNKT activation and de-
letion affected the different populations of innate immune cells in
the lungs. We found iNKT cells in the lungs within 3 days of infec-
tion in WT mice, amplified in mice administered �GC (2 �g i.p. at
the point of IAV inoculation), and absent, as expected, in J�18�/�

mice (Fig. 3A and B). Approximately one-half of these infiltrating
iNKT cells was CD4� and the other, CD4–. There was no difference
in CD4 expression on iNKT cells between infected mice given �GC
and control and between Days 3 and 5 of infection (Fig. 3B, lower
panel).

iNKT-deficient mice showed higher levels of inflammatory
monocytes and macrophages than WT on Day 5 (Fig. 3C and
D) in the BAL. In contrast, mice that received �GC had lower
levels of inflammatory monocytes on Day 3 and no increase in
macrophages on Day 5. Neutrophils were not affected by ab-
sence or activation of iNKT cells (Fig. 3E).

These findings show that iNKT cells were involved in the con-
trol of the size of inflammatory monocyte and macrophage (but
not neutrophil) populations in the lungs and that in the absence
of iNKT cells, mice died more rapidly from lung injury.

MCP-1 levels in the lungs are disproportionately
increased in iNKT-deficient mice
To explore the mechanism by which iNKT cells influenced
inflammatory monocytes, we first examined the sequential
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Figure 3. iNKT cells influence innate cellular infiltrate to lungs during lethal IAV infection. (A) Flow cytometry identification of iNKT cells in BAL-de-
rived cells using an �GC-loaded CD1d dimer. FACS plots are gated on mononuclear cells. Percent is proportion of CD3� cells. Days 1, 3, and 5 refer to
days after infection with IAV (basic controls for FACS staining shown in Supplemental Fig. 4C). (B) Absolute numbers of iNKT cells in BAL for the
three groups of mice. P value refers to difference in mean between wt�flu and wt�flu��GC on Day 5, derived using Student's t test. Lower panel shows
the proportion of iNKT cells expressing CD4 as a percent of total lung iNKT cells. There was no difference among the four columns (P�0.05 one-way
ANOVA with Tukey post test to compare among groups). (C–E) Absolute cell counts for different subsets of cells in BAL of IAV-infected mice. P values
refer to differences among the three groups on Days 3 or 5 (one-way ANOVA). Total of n � 18 mice/group from three independent experiments. Note
difference in y-axis scales for macrophages and inflammatory monocytes.
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changes in a range of cytokines and chemokines in the lungs
(BAL) and blood (serum) using the Bio-Plex cytokine bead
array system (Bio-Rad). We found MCP-1 to be markedly ele-
vated from Day 3 onward in lungs (BAL) of iNKT-deficient
mice (Fig. 4A). In contrast to other cytokines and chemokines,
BAL MCP-1 levels continued to rise in iNKT-deficient mice
throughout infection, peaked at Day 5, just before death (four-
fold increase over WT mice), and were increased dispropor-
tionately compared with other cytokines and chemokines (Fig.
4B). Notably, mice treated with �GC and possessing the high-
est amount of iNKT cells in the lungs had significantly lower
BAL MCP-1 levels compared with untreated mice (P�0.03,
Student's t test). MIP-2 (also known as CXCL-2) and IL-6 levels
in BAL of iNKT-deficient mice were also elevated significantly
but returned to normal by Day 5.

Levels of cytokines and chemokines in the paired BAL se-
rum samples showed that these increases were focused to the
site of inflammation (lungs). However, IL-4 and IFN-� levels in
the serum were raised on Day 1 in contrast to BAL. This is
similar to findings observed before [17] and likely to be a re-
sult of rapid release of these cytokines from iNKT cells in the
liver. TNF-�, MCP-1, MIP-2, and KC were also raised signifi-
cantly in serum of �GC-treated mice compared with WT and
iNKT-deficient mice on Day 1.

Administration of MCP-1 blocking antibody to
iNKT-deficient mice reduced lung monocyte and
macrophage numbers and lung injury and improved
survival
To assess the contribution of high MCP-1 levels to mortality in
IAV-infected, iNKT-deficient mice, we administered MCP-1
blocking antibody i.v. to these mice on Days 2, 3, and 4 after
viral challenge, compared with injections of IgG isotype con-
trol. In two consecutive experiments, we found a reduction in
mortality and weight loss for mice treated with the MCP-1
blocking antibody (Fig. 4C). These did not reach statistical
significance, but the trend of change in both experiments was
the same. This correlated with a modest reduction in Ly6Chi

cells in the lungs and reduction in overt lung injury in treated
mice (Fig. 4D and E).

iNKT cells do not affect MCP-1 expression by
infected respiratory epithelium or inflammatory
monocytes
To determine the source of MCP-1 in lungs of infected mice
and therefore, the potential point of influence by iNKT cells,
lung sections from iNKT-deficient and WT mice, 1, 3, and 5
days after IAV infection (��GC administration), were exam-
ined for expression of MCP-1 by immunohistochemistry. BAL
cells were also FACS-sorted into Ly6ChiLy6G– (inflammatory
monocytes) and Ly6CmidLy6G� (neutrophils) cells and cyto-
spun onto slides for determination of MCP-1 expression. We
found strong MCP-1 expression on the respiratory epithelium
of all infected mice from Day 1 onward, compared with unin-
fected mice (Fig. 5A). In the cytospins, inflammatory mono-
cytes, but not neutrophils, showed strong MCP-1 staining on
Days 3 and 5 (Fig. 5B). Qualitatively, there was no difference

in the intensity or distribution of MCP-1 expression in the re-
spiratory epithelium or inflammatory monocytes among the
three groups of mice on any of the three time-points.

To examine whether iNKT cells have the capacity to reduce
MCP-1 expression in either of these cell groups quantitatively,
we cocultured a human respiratory epithelial cell line
(Beas2B) with a well-characterized human iNKT clone (CD4�

NKT clone, LH22) [21] and examined MCP-1 mRNA expres-
sion in the adherent, respiratory epithelial cell line by qPCR.
At the 24th h, iNKT cells were washed off, and the adherent
Beas2B cells were replenished with fresh media and allowed to
secrete MCP-1 for another 24 h (to remove the contribution
of MCP-1 from iNKT cells). Neither MCP-1 mRNA expression
nor protein levels in supernatant were reduced after incuba-
tion with activated iNKT cells compared with controls (Fig. 5C
and D). In fact, activated iNKT cells increased MCP-1 expres-
sion and protein levels from infected Beas2B cells in vitro.

We next examined whether iNKT cells affected the other
source of MCP-1 production, the inflammatory monocytes.
Proportion and intensity of MCP-1 expression by intracellular
cytokine staining of Ly6ChiLy6G– cells in BAL of iNKT-defi-
cient mice were not different compared with WT on Days 1, 3,
and 5 after influenza virus infection (data not shown). Al-
though intensity differences in intracellular cytokine staining
would not detect small changes in monocyte MCP-1 produc-
tion, the overall results suggest that increased levels of MCP-1
in the BAL of iNKT-deficient mice were not a result of the in-
creased ability of monocyte or respiratory epithelium to pro-
duce MCP-1.

Activated iNKT cells preferentially lyse infected
monocytes in vitro in a CD1d-dependent process
As iNKT cells do not appear to affect the level of MCP-1 ex-
pression in monocytes or epithelial cells, we hypothesize that
in WT mice, iNKT cells directly reduced the number of MCP-
1-producing inflammatory monocytes by lysing these cells and
that IAV infection of these CD1d-bearing subsets makes them
a target for iNKT cells. To examine this, we first analyzed this
in vitro. As we found that 51Cr labeling was poor for isolated
spleen and BAL monocytes from mice (data not shown), we
used primary human cells. Autologous human monocytes were
isolated using CD14 MACS beads and used as target cells, and
two well-characterized human iNKT clones (CD4–, LH18;
CD4�, LH22) [21] were used as effector cells at 20:1, 10:1,
and 5:1 E:T ratios in a 5-h standard 51Cr-release assay. We
found that CD4– iNKT cells (but not the CD4� iNKT cell
clone) killed monocytes in a dose-dependent manner (Fig.
5E). There was abundant CD1d expression on these mono-
cytes (Fig. 5E, inset), and lysis with the CD4– iNKT cell clone
was CD1d-dependent, as coculture with CD1d blocking anti-
body reduced specific lysis significantly (Fig. 5E).

Next, we questioned whether there was differential lysis of
infected versus noninfected monocytes and neutrophils. For
this, autologous, IAV-infected or noninfected CD14� mono-
cytes or neutrophils were used as target cells in a 5-h standard
51Cr-release assay with CD4– iNKT cell clone (LH18) as effec-
tors. Infection was confirmed by HA staining (Fig. 5F). We
found that iNKT cells lysed infected monocytes but not in-
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Figure 4. MCP-1 levels in BAL of iNKT-defi-
cient mice are disproportionately increased and
contribute to increased mortality. (A) BAL and
serum levels for cytokines and chemokines, ob-
tained on three time-points during IAV infec-
tion for the three groups of mice, n � 6–9
mice/group, from two consecutive experiments.
Time-points with statistically significant different
values were denoted by P values, which refer to
comparison among the groups at the stated
time-points, using one-way ANOVA. (B) Mean
(�sem) of five selected chemokine and cytokine
levels in BAL, showing grossly elevated levels of
MCP-1 in iNKT-deficient mice compared with
the other two groups of mice and compared
with other potentially immune-pathogenic
chemokines and cytokines. P value refers to
comparison among the three groups (one-way
ANOVA). (C) Survival curves for iNKT-deficient
mice infected with IAV and administered 20 �g
anti-MCP-1 neutralizing antibodies (filled, red
squares) on Days 2, 3, and 4 (arrows) or isotype
control (e); n � 10/group in total. (D) Fre-
quency of CD11b� Ly6Chi cells in BAL of these
mice on Day 5. (E) Gross appearance of lungs

harvested from iNKT-deficient mice administered with 20 �g anti-MCP-1 neutralizing antibody versus control, showing greater areas of hemor-
rhagic damage (arrows). (F) Weight change in mice given anti-MCP-1 neutralizing antibody versus control. P value refers to comparison between
the two groups.
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Figure 5. Infected inflammatory monocytes in BAL produce
MCP-1 and are preferential targets for lysis by iNKT cells.
(A) MCP-1 immunohistochemistry staining of paraffin-em-
bedded lung sections from iNKT-deficient mice infected with
IAV showing strong MCP-1 staining (brown) of respiratory
epithelium in infected mice compared with no staining in
lungs from uninfected mice and lungs stained with isotype
control. There is no difference in intensity of MCP-1 expres-
sion on WT epithelium. Arrows in the first two photographs
refer to respiratory epithelium; �200 original magnification.
(B) Cytospin preparations of FACS-sorted CD11b�Ly6C�

cells from BAL showing MCP-1 immunohistochemistry stain-
ing on Day 3 after IAV infection in WT mice. Ly6ChiLy6G–

cells (gate “ii” in Fig. 2E) stained strongly for MCP-1 in con-
trast to the Ly6Cmid Ly6G� subset and isotype control (iso-

type control staining shown is for Ly6ChiLy6G– cells; all �400 original magnification). (C) Relative expression of MCP-1 mRNA by qPCR showing
increased (rather than suppression of) MCP-1 expression by IAV-infected Beas2B cells with addition of �GC-activated iNKT clones (“�activated
NKT”) to the coculture, in contrast to when no iNKT clones (“�0”) or when nonactivated iNKT (“�NKT”) clones were added. Results for the
24th-h time-point are shown. (D) Similar results were observed with MCP-1 protein measured using the Bio-Plex mouse cytokine array system in
the supernatant over a 24-h period after iNKT cells were removed at the 24th h. P value refers to comparison among the three conditions (one-
way ANOVA). (E) Five-hour 51Cr-release assays showing specific lysis of CD14� MACS bead-derived human monocytes by iNKT clones. Lysis re-
quired �GC (“��GC” vs. �0) and was reduced with addition of 25 ug/ml of CD1d blocking antibody. (Inset) Histogram shows CD1d expression
on monocytes used for the experiment. Error bars, sem; mean of n � 3 experiments, each with duplicate wells. (F) Immunofluorescent HA stain-
ing (green) of CD14� monocytes after IAV infection (lower panel) compared with uninfected cells (upper panel). (G–I) �GC-activated CD4–

iNKT clones lysed IAV-infected human monocytes more efficiently (solid bars) than noninfected monocytes (open bars) in a 5-h 51Cr-release assay.
iNKT clones were not able to lyse infected or noninfected neutrophils. At a 10:1 E:T ratio, a concomitant 51Cr-release assay showed that addition
of CD1d blocking antibody reduced the ability of CD4– iNKT clones to lyse infected monocytes in a dose-dependent manner.
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fected neutrophils (Fig. 5G and H), and infected monocytes
were lysed more efficiently than noninfected monocytes (Fig.
5G). Lysis of infected monocytes was enhanced with addition
of �GC and was dependent on CD1d (Fig. 5I). However, with-
out �GC, iNKT cells also appeared able to lyse infected target
cells, albeit at a comparatively modest level (Fig. 5G).

DISCUSSION

In this study, we show by careful immunophenotyping that in-
flammatory monocytes are a major component of the innate
immune response in the lungs during high-pathogenicity IAV
infection and that iNKT cells can reduce lung pathology by
modulating the accumulation of inflammatory monocytes in
the lungs. This is distinct from iNKT cells’ contribution to im-
mune protection during IAV infection, which is thought to be
provided by reduced recruitment of “myeloid-derived suppres-
sor cells”, allowing increased proliferation of influenza virus-
specific CD8 T cell responses with resultant reduction in viral
titers and improved survival [17, 18]. In this lethal IAV model,
the worse outcome in iNKT-deficient mice was caused by in-
creased lung injury rather than higher viral load, suggesting
that iNKT cells not only have a role in immune protection but
also in controlling inflammation. Without iNKT cells, inflam-
matory monocytes accumulate in the lungs, likely driven by
high MCP-1 production by infected respiratory epithelium and
inflammatory monocytes in an autocrine manner.

At least two distinct circulating and splenic monocyte subsets
are known in mice: Ly6C� (CX3CR1�; inflammatory) and
Ly6C– (patrolling) monocytes [22]. Ly6C� inflammatory
monocytes (the monocytes implicated in this study) are
thought to be the precursors of inflammatory TipDCs [23, 24]
and macrophages and also replenish the resident DC popula-
tion in tissue. They are important in microbial infection, as
TipDCs are required for clearance of several pathogens [25],
including high-pathogenicity IAV [26]. In some studies, sub-
sets of monocytes have been discriminated by expression of
CD115 (M-CSF), which is crucial for development of mono-
cytes [27], and in the mature form, monocytes coexpress Ly6C
and CD115.These are thought to be the monocytes that are
recruited to inflamed tissue and lymph nodes, as they also
bear CCR2. Interestingly, no expression of CD115 was found
in any of the Ly6C� monocytes in our study suggesting that
these cells may have down-regulated CD115 in the rich lung
milieu of cytokines, as shown in other studies [28].

The kinetics and differentiation of mononuclear phagocyte
cells in the lungs during severe infection have not been stud-
ied in detail. Their identity is complex, as CD11b, Ly6G, and
F4/80 are expressed by inflammatory monocytes, maturing
macrophages, and neutrophils [29, 30] and overlap in their
expression during different points of viral infection. The sub-
set of cells that was increased specifically in iNKT-deficient
mice were the Ly6C�CD11bhiCD11c– cells on Day 5, which are
destined to differentiate to TipDCs and macrophages. This
increase matches the increase in BAL MCP-1 levels on Day 5
in iNKT-deficient mice compared with WT mice. This group
of cells is likely to be similar to the one highlighted by Auffray
et al. [28] which are precursor cells to the expanded injurious

population observed by Aldridge et al. [26] in H5N1-infected
mice. These findings underline the potential for interaction
between innate cell and iNKT cells during IAV infection and
are supported further by a recent publication (ref. [31]; pub-
lished during review process of this paper), which showed that
IAV-infected J�18�/� mice had lower numbers of OVA-spe-
cific CD103� DCs in the draining lymph nodes of lungs and
that iNKT cells can influence maturation of these cells.

MCP-1 production from epithelial cells and monocytes is
known in the literature [32], but little is understood of how
this is controlled during inflammation. Our findings suggest
that in WT mice, a mechanism exists to control MCP-1 levels
in the lung, which is absent in iNKT-deficient mice. In addi-
tion, administration of MCP-1 blocking antibodies to iNKT-
deficient mice reduced immune-pathology in the lungs, albeit
only modestly. Mice lacking MCP-1 do not survive IAV infec-
tion [5], so in our study, the intention was to moderate the
rise in MCP-1 with blocking antibodies rather than to amelio-
rate this beyond a point where monocyte numbers fell to the
extent of compromising host defense. As a result, we were not
surprised to observe only moderate reduction in inflammatory
monocytes in the lungs and consequently, a modest reduction
in mortality and weight loss when blocking antibodies were
administered. Although the changes did not reach statistical
significance, all modalities (survival, weight, lung appearance,
inflammatory monocytes) altered toward improvement for
these IAV-infected, iNKT-deficient mice; supporting (although
not proving) our hypothesis that injury associated with iNKT
cell deficiency can be modulated by reducing MCP-1 and in-
flammatory monocyte levels.

Against our expectation, iNKT cells did not have a dampen-
ing effect on MCP-1 production from a respiratory epithelial
cell line. In fact, the opposite was observed (Fig. 5C and D).
We think this may be a result of the excess production of
IFN-� by a high ratio of iNKT:epithelial cells (1:1). MCP-1
gene expression can be induced rapidly by IFN-� [33]. How-
ever, in the in vivo study, IFN-� was not significantly elevated
in the BAL of �GC-administered mice (Fig. 4A); therefore,
contribution of iNKT-produced IFN-� to stimulation of MCP-1
production by epithelial cells in vivo is less likely. These stud-
ies, however, were performed using cell lines and representa-
tive iNKT cell clones and therefore, support rather than prove
that iNKT cells do not reduce MCP-1 production from in-
fected respiratory epithelium in vivo.

Fig. 5 suggests that a potential mechanism, by which iNKT
cells control numbers of Ly6C� inflammatory monocytes, is by
direct lysis of these cells. We and others [21] have shown that
iNKT cells can lyse CD1d-bearing target cells such as DCs. To
our knowledge, there has been no report of lysis of inflamma-
tory monocytes by iNKT cells, although a recent study by Song
et al. [34] showed that iNKT cells can kill tumor-associated
macrophages pulsed with tumor antigens, and Yang et al. [35]
showed that DCs can be lysed by iNKT clones. Interestingly,
only one of the two iNKT clones (CD4– iNKT clone) was able
to lyse monocytes. It is possible that CD4– cytolytic iNKT sub-
sets are selectively activated by soluble factors associated with
infected monocytes. In the infected mice, iNKT cells infiltrat-
ing the lungs comprised CD4-positive and -negative iNKT cells
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(Fig. 3B) in almost equal proportions; therefore, involvement
of CD4– iNKT cells in killing monocytes at the site of inflam-
mation is a possibility. The requirement for �GC reflects the
need for activation of iNKT cells, but how this occurs during
IAV infection is unclear. There is increasing evidence that a
glycolipid antigen (i.e., direct activation) is not an absolute
requirement [36]. IL-12 and IL-18 are known to activate iNKT
cells by amplifying the baseline signal provided by a bound
self-lipid [9, 37]. Indeed, Fig. 5G suggests that at a low iNKT:
monocyte ratio, iNKT cells alone (without �GC) were able to
kill infected monocytes compared with noninfected ones. This
could be a result of IL-12 produced by iNKT cells or mono-
cytes, as shown by Brigl et al. [9], or expression of a self-glyco-
lipid on monocytes after infection, although there is little pre-
cedence for the latter. As the lysis experiments were per-
formed in vitro and with human (rather than ex vivo mouse)
monocytes and iNKT cells, the possibility of this being a mech-
anism in vivo is an extrapolation. Other potential mechanisms
include the ability of iNKT cells to produce anti-inflammatory
cytokines such as IL-10 [38] or to modulate IL-10-producing
cells [39]. However, we did not find detectable IL-10 levels in
the BAL on any of the days after infection in any of the
groups (data not shown). In addition, although we showed
that lysis of monocytes was reduced with CD1d blockade in
vitro, the requirement for CD1d in vivo was not addressed in
this study. The scenario in vivo is likely to be more complex,
with likely contribution from CD1d-dependent (as shown by
reduction of inflammatory monocytes in the lungs when �GC
was administered) and -independent processes.

It is also unclear how iNKT cells begin to target monocytes
for killing, but our in vitro studies showed that infected mono-
cytes are lysed more efficiently, providing a method with which
iNKT cells select less-useful but still injurious monocytes to be
killed.

In summary, our study shows that iNKT cells have a role in
controlling the intensity of the innate immune response. The
combined results from the two IAV infection models demon-
strate how both immune amplification and suppressive roles of
iNKT cells can come to fore under different settings. Our
study suggests that iNKT cells could mediate this reduction in
inflammation by selectively targeting infected inflammatory
monocytes for lysis. It also highlights the key contribution of
inflammatory monocytes to lung injury in high-pathogenicity
IAV infection. This has direct implication in high-pathogenic-
ity influenza virus infection in humans, as it provides a specific
target for further investigation and possibly therapeutic manip-
ulation to improve survival in severe IAV infections.
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