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SUMMARY

Infection leads to heightened activation of natural
killer (NK) cells, a process that likely involves direct
cell-to-cell contact, but how this occurs in vivo is
poorly understood. We have used two-photon
laser-scanning microscopy in conjunction with Toxo-
plasma gondii mouse infection models to address
this question. We found that after infection, NK cells
accumulated in the subcapsular region of the lymph
node, where they formed low-motility contacts with
collagen fibers and CD169* macrophages. We
provide evidence that interactions with collagen
regulate NK cell migration, whereas CD169* macro-
phages increase the activation state of NK cells.
Interestingly, a subset of CD169* macrophages that
coexpress the inflammatory monocyte marker Ly6C
had the most potent ability to activate NK cells. Our
data reveal pathways through which NK cell migra-
tion and function are regulated after infection and
identify an important accessory cell population for
activation of NK cell responses in lymph nodes.

INTRODUCTION

Lymph nodes and other organized lymphoid tissues help to
orchestrate interactions between immune cells and pathogens
during infection, thus dictating the nature of immune responses
and the outcome of infection. Recent advances in fluorescent
labeling of living immune cells and pathogens, and imaging
methods to detect these labels within tissues, now make it
possible to probe events during in vivo infection with high spatial
and temporal resolution. As a result, our understanding of the
nature of interactions between immune cells and pathogens
during infection is advancing at a rapid pace (Coombes and Ro-
bey, 2010).

Cellular interactions are particularly important for natural killer
(NK) cells, which despite their name, often require priming by an
accessory cell population for optimal effector function. The best
described of these interactions occurs between dendritic cells
(DCs) and NK cells, but macrophages and monocytes are also
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capable of potentiating NK cell effector function (Fernandez
etal., 1999; Lucas et al., 2007; Newman and Riley, 2007; Dalbeth
et al., 2004; Baratin et al., 2005; Soderquest et al., 2011). Activa-
tion of NK cells can be mediated by cell surface molecules such
as NKG2D ligands and by cytokines including IL-12, IL-18, IL-15,
and type | IFN. In vitro assays revealed the formation of stable
contacts between DCs and NK cells (Borg et al., 2004; Brilot
et al., 2007). Moreover, activation of NK cells by accessory cells
generally requires close proximity between the cell types, even
when activation is mediated by cytokines. For example synaptic
delivery of IL-12 is necessary for IFN-y secretion by NK cells,
whereas IL-15 must be transpresented by IL-15Ra expressing
accessory cells to activate NK cells (Borg et al., 2004; Koka
et al., 2004; Lucas et al., 2007; Mortier et al., 2008).

Lymph nodes provide a potential site for interaction between
NK cells and accessory cells under inflammatory conditions. Co-
localization of NK cells with DCs has been demonstrated in
human and murine lymph node sections, and NK cells are re-
cruited to lymph nodes following injection of mature DCs (Bajén-
off et al., 2006; Ferlazzo et al., 2004; Martin-Fontecha et al.,
2004; Walzer et al., 2007). Study of NK cell motility in lymph no-
des following poly |:C treatment revealed that NK cells formed
multiple, short-lived interactions with DCs (Beuneu et al.,
2009). Although short lived, these interactions appear to be
crucial because NK activation did not occur in dissociated tissue
but required the presence of an intact lymph node (Beuneu et al.,
2009). In contrast, NK cells engaged in long-lived contacts with
DCs in both uninflamed and Leishmania major-infected lymph
nodes (Bajénoff et al., 2006).

In addition to interactions with accessory cells, interactions
with the extracellular matrix may also regulate NK cell function.
NK cells express high levels of CD49b, an integrin subunit that
forms areceptor for collagen. Despite being used for many years
to identify NK cells, surprisingly little is known about its functional
role (Arase et al.,, 2001). A recent study demonstrated that
CD49b crosslinking increased adherence of NK cells to collagen
fibers, inhibited cytotoxicity, and promoted IFN-y production
(Garrod et al., 2007). However, whether this interaction regulates
NK cell motility and function in vivo during infection has not been
explored. In fact whereas a variety of signals are capable of
regulating NK cells, the cell-cell interactions and spatial cues
that influence NK cell function during in vivo infection remain
unclear.
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Figure 1. NK Cells Are Activated following
Oral T. gondii Infection and Limit Parasite
Burden

(A) Flow cytometric analysis of spleen (closed
symbols) and mesenteric lymph node (open
symbols) at days 3-7 following oral infection is
presented. Graphs show Infection Index

(percentage of cells in the live gate containing
fluorescent parasites), percentage of NKp46™
CD3e™ NK cells among live cells, total number of
NKp46*CD3e~ NK cells, percentage of CD69*
cells among NKp46"CD3e~ NK cells, percentage
of IFN-y* cells among NKp46*CD3e~ NK cells,
and percentage of IFN-y* cells among CD3e*
T cells (mean + SEM of three mice per time point).
p.i., postinfection.

(B) Flow cytometric analysis of NK cell activation in
cervical lymph nodes 24 hr after earflap infection
(mean + SEM of six lymph nodes per group) is
* shown.

(C) Flow cytometric analysis of infection index in
mice treated with anti-NK1.1 (to deplete NK cells)
or an isotype control is shown. Graphs depict
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Here, we use in vivo infection of mice with the intracellular
protozoan parasite, Toxoplasma gondii, to address these ques-
tions. We previously showed that, following oral or subcuta-
neous infection, T. gondii parasites invade CD169* macro-
phages at the lymph node capsule, which can then serve as
antigen-presenting cells (APCs) to CD8" T cells (Chtanova
et al., 2008, 2009). In this study we show that NK cells accumu-
late beneath the lymph node capsule following T. gondii infec-
tion. Infection also increases the interactions of NK cells with
collagen, contributing to a slow and confined migration pattern
and accumulation of NK cells near foci of infection beneath the
lymph node capsule. We also observe interactions between
NK cells and CD169* macrophages near the lymph node
capsule and provide evidence that these cells can regulate NK
cell activity. These data provide insight into the in vivo regulation
of NK cells and implicate a myeloid population with characteris-
tics of both resident CD169* subcapsular sinus macrophages
and inflammatory monocytes as an important regulator of NK
cells during T. gondii infection.

RESULTS
Activation and Function of NK Cells in T. gondii Infection

We began our studies by examining NK cell responses in mice
infected via the physiologically relevant oral route. We infected

MLN pooled from two independent experiments.

*p < 0.05. ns, not significant.

mice with tissue cysts of the type Il Prug-

niaud strain engineered to express

tdTomato (Chtanova et al., 2008, 2009;

Schaeffer et al., 2009). Expression of

this fluorescent reporter allows us to monitor infection levels in
tissues by flow cytometry, which we convey here as the
percentage of infected cells (infection index). Following oral
infection, T. gondii was first detectable in the draining mesenteric
lymph node at 4 days postinfection and continued to increase
until at least 7 days postinfection (Figure 1A, upper left). By
contrast, T. gondii was not detected in spleen until 6 days post-
infection. Total numbers (but not proportion) of NK cells were
elevated in the mesenteric lymph node until day 6 after infection
but did not show a similar increase in the spleen (Figure 1A,
upper middle, right). NK cell activation, as measured by CD69
and IFN-y expression, was readily detectable at day 3 and
peaked by day 5 after infection (Figure 1A, lower left and middle).
This contrasted to the ex vivo production of IFN-y by CD3*
T cells that was not detected until day 4 and continued to rise
over the course of the experiment (Figure 1A, lower right). These
results support the notion that NK cells are an important early
source of IFN-y in T. gondii infection (Hunter et al., 1994; Gazzi-
nelli et al., 1993, 1994; Johnson et al., 1993; Denkers et al., 1993).
We recently described a model of T. gondii infection in which
tachyzoites are injected into the earflap, and the immune
response studied in the draining cervical lymph node (Chtanova
etal., 2008, 2009). This model provides a synchronous represen-
tation of the immune response in the lymph node, important
features of which can then be validated in the more
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physiologically relevant oral infection model. Using the earflap
model, we again observed an increase in NK cell number in the
draining cervical lymph node, and these NK cells expressed
both CD69 and IFN-y (Figure 1B). Consequently, we utilized
both of these models to assess the relationship between NK
cell motility and function in this study.

Previous studies have suggested a protective role for NK cells
during T. gondii infection; however, many of these studies used
depletion methods that could also affect myeloid populations
and/or were performed using mice lacking T cell populations
(Combe et al., 2005; Denkers et al., 1993; Gazzinelli et al.,
1993; Goldszmid et al., 2007; Johnson et al., 1993; Khan et al.,
1994, 2006). To confirm the protective role of NK cells under
our experimental conditions, we depleted mice of NK cells by
administration of NK1.1 antibody. We observed a significant
increase in parasite burden in the spleen and mesenteric lymph
node 5-7 days after oral infection (Figure 1C). NK cell depletion
also led to increased parasite burden in mice of the same strain
(C57BI/6) obtained from a different vendor (The Jackson Labora-
tory; data not shown). However, in this case the effect was less
dramatic, perhaps due to the distinct composition of the intes-
tinal flora, and the related differences in intestinal immune func-
tion (lvanov et al., 2008, 2009). Nevertheless, NK cell activation in
response to T. gondii was similar in all sources of mice used in
this study (data not shown).

NK Cells Accumulate beneath the Lymph Node Capsule
following Earflap Infection

We next asked how NK cell distribution in the lymph node
changes following T. gondii infection. In order to track NK cells,
we used mice in which one copy of the Ncr1 gene (which
encodes the NKp46 receptor) had been replaced with a GFP
reporter (Gazit et al., 2006). Reporter mice were infected in the
earflap with type Il Prugniaud tachyzoites expressing tdTomato,
and the cervical lymph node was examined 18-24 hr later.
Consistent with our previous observations using the type | RH
strain, T. gondii tachyzoites were concentrated in the region
just beneath the lymph node capsule (Chtanova et al., 2008,
2009). Strikingly, large aggregates of NK cells formed just
beneath the lymph node capsule in close proximity to foci of
infection (Figure 2A). To quantify the relocalization of NK cells
upon infection, we used anti-LYVE-1 staining to define the
subcapsular sinus and medulla of the lymph node and calculated
the density of NK cells in different regions (Figures 2B and 2C).
Following infection, NK cell density increased throughout the
lymph node, but the increase in density was most dramatic in
the subcapsular sinus region (Figure 2C). NK cells could also
be detected beneath the capsule of the mesenteric lymph
node following oral infection, although in this case relocalization
of the cells was less dramatic (Figure 2D).

NK Cells Interact with Collagen Fibers in Infected Lymph
Nodes

Two-photon laser-scanning microscopy (TPLSM) of cervical and
mesenteric lymph nodes revealed that a portion of NK cells in the
subcapsular region of the lymph node exhibited a relatively slow,
confined migration pattern (Figure 2E; Movie S1). The confined
migration pattern suggested that NK cells might be interacting
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with an immobile structure in the lymph node. Indeed, we
observed that a substantial fraction of the slow-moving NK cells
closely associated with second harmonic signals indicative of
collagen fibers (Figure 3A; Movie S2). Antibody staining of lymph
node tissue sections confirmed that these structures contained
type | collagen (Figure 3B). Interactions between NK cells and
collagen took place at the lymph node capsule and along fiber-
like structures extending away from the capsule (data not shown).
Collagen interactions occurred with individual NK cells, and with
stable swarms of NK cells focused around a central structure with
a prominent second harmonic signal (Figure 3C; Movie S3).

If the slow, confined migration pattern of NK cells reflects
their interaction with collagen fibers, we would expect to ob-
serve a correlation between speed and proximity to collagen
within TPLSM imaging volumes. To test this, we calculated
the distance between individual NK cells and the collagen
capsule, and plotted this distance against NK cell speed (Fig-
ure 3D). In infected lymph nodes the slowest NK cells tended
to be located close to collagen. Interestingly, this correlation
was not seen in lymph nodes from uninfected mice, suggesting
that changes related to infection promoted the association
between NK cells and collagen in cervical lymph nodes (Fig-
ure 3D; p < 0.0001).

Collagen Interactions Promote NK Cell Accumulation in
Foci of Infection near the Lymph Node Capsule

The interaction between NK cells and collagen fibers raised the
question of which receptors might be involved in this interaction,
and how it may regulate NK cell motility. NK cells express CD49b
(«2-integrin), which can act as a receptor for collagen when
paired with the B1-integrin chain (Arase et al., 2001; Miyake
et al., 1994; White et al., 2004). We therefore investigated the
impact of blocking antibodies to CD49b on NK cells during infec-
tion (Miyake et al., 1994). Twenty hours after earflap infection,
anti-CD49b (clone HMa2) or an isotype control antibody was
delivered into the earflap. After a further 4 hr, cervical lymph no-
des were analyzed by TPLSM. Administration of blocking anti-
body resulted in a reduction in the percentage of NK cells that
fell within the slow-moving confined population (average speed
<5 um/min, red tracks) (Figure 3E; Movie S4). We also observed
a reduction in NK cell density within foci of infection near the
lymph node capsule (Figures 3F, 3G, and S1). Antibody treat-
ment at the time of infection did not lead to a significant change
in CD69 or IFN-y expression by NK cells (data not shown). These
data indicate that interactions between CD49b on NK cells and
collagen fibers in the lymph node, whereas not essential for NK
cell activation, may serve to retain NK cells near their sites of
action in the lymph node.

NK Cells Interact with CD169"* Cells at the Subcapsular
Sinus

A portion of NK cells with slow, confined migration is present
even after blocking the CD49b-collagen interaction, suggesting
that the NK cells engage in another type of interaction in this
location. CD169" macrophages lining the subcapsular sinus of
the lymph node are a target for T. gondii (Chtanova et al,,
2008); therefore, we examined the migration of NK cells relative
to CD169" cells by injecting fluorescent antibody to CD169 just
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Figure 2. NK Cells Accumulate beneath the
Lymph Node Capsule following T. gondii
Infection and Fall into Two Populations
with Distinct Motility

(A) Confocal analysis of the cervical lymph node
from an Ncr1S™* mouse 24 hr after earflap
infection is shown. NK cells are green, T. gondii is
red, and LYVE-1 staining of lymphatic vessels is
blue. The top panel shows a map of an entire
lymph node section, whereas the bottom panel is
a close-up view of the boxed region.

(B and C) Analysis of NK cell density in different
regions of the lymph node is illustrated. (B) Maps
of cervical lymph nodes from Ncr1® P+ mice
acquired by epifluorescence microscopy in the
absence of infection (right), and 18-24 hr after
earflap infection (left) are presented. NK cell spots
are green, LYVE-1 staining is blue, and regions
corresponding to the medulla or subcapsular
sinus (SCS) are outlined in yellow and pink,
respectively. (C) Graphs depict NK cell density
(left) and NK cell density normalized to the average
NK cell density across the whole uninfected or
infected lymph node (right). Error bars depict the
mean + SEM of five lymph nodes analyzed for
each of the control (white bars) and infected
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indicate the percentage of NK cells migrating at <5 um/min. Data from an individual run are highlighted in red (cells migrating at <5 pm/min) and black (cells
migrating at >5 um/min). These correspond to the tracks of individual NK cells shown in the right-hand panels.

prior to analysis by TPLSM. NK cells formed interactions with
CD169" cells, and these often occurred with CD169* cells that
did not contain any visible parasite fluorescence (Figure 4A;
Movie S5). The duration and type of interactions formed between
CD169" cells and NK cells varied markedly between imaging
volumes, but we often observed interactions that persisted for
the duration of the imaging run (>19 min) (Figure 4B; Movie
S5). Persistent interactions between NK cells and CD169" cells
were also observed in uninfected lymph nodes, but far fewer
NK cells were present in the subcapsular region of the lymph
node at this time (Figure 4B). We confirmed the existence of
interactions between NK cells and CD169" cells by staining
sections from infected cervical lymph node and mesenteric
lymph node with an antibody to CD169. Again, this revealed
close contacts between NK cells and CD169* cells near the
lymph node capsule (Figure 4C).

We previously noted disruption of the CD169* cell layer in
T. gondii-infected lymph nodes, which was driven in part by

the activity of neutrophils swarming near foci of infection (Chta-
nova et al., 2008). Consistent with this, TPLSM of uninfected
lymph nodes revealed networks of CD169" cells with dendritic
morphology, whereas infected lymph nodes contained areas in
which the CD169* cell layer no longer appeared continuous,
and the morphology of the cells was more rounded (Figure 4D).
We compared the density of NK cells in regions with an intact
network of CD169" cells to regions in which the CD169" cells
had altered morphology. NK cell density was higher in regions
in which the CD169 layer appeared disrupted, suggesting that
local remodeling of the region gives access to NK cells (Fig-
ure 4D; Movies S6, S7, and S8). This is reminiscent of the recent
finding that the arrival of mature tissue DCs in the subcapsular
sinus results in morphological changes to the subcapsular sinus
floor, opening up an additional point of access for afferent
lymph-derived T cells (Braun et al., 2011).

The heterogeneous morphology of CD169* cells in infected
lymph nodes prompted us to analyze the composition of this
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Figure 3. Collagen Interactions Promote NK
Cell Accumulation in Foci of Infection near
the Capsule of Infected Cervical Lymph
Nodes

(A) Individual time points and tracks from a TPLSM
movie showing two NK cells (green, yellow tracks)
interacting with a collagen fiber (second harmonic
[SHG], blue) in the cervical lymph node 24 hr after
earflap infection are presented. The track of an NK
cell that does not interact with collagen is shown
for comparison (red). Corresponds to Movie S2.
(B) Analysis of cervical lymph nodes 24 hr after
earflap infection by epifluorescence microscopy
is shown. CD169 staining is shown in purple,
collagen type | staining in blue, NK cells in green,
and T. gondii in red. The panels on the right are
close-up views of the boxed region.

(C) Still image from a TPLSM movie showing
a stable swarm of NK cells (green) centered around
a collagen fiber (second harmonic, blue) is illus-
trated. Inset image is from the same movie but with
NK cell signal removed. Corresponds to Movie S3.
(D) TPLSM analysis comparing the average speed
of NK cells to their average distance to the nearest
collagen (second harmonic) structure over the
course of an imaging run is shown. Each data
point represents an individual NK cell.

(E) TPLSM analysis of NK cell motility in cervical
lymph nodes from Ncr17* mice infected in the
earflap with T. gondii 24 hr previously, and
administered anti-CD49b (clone HMo2) or an
isotype control 4 hr previously is presented.
Graphs show the average speed and confinement
index of individual NK cells. For each condition
data are pooled from four imaging runs obtained
from at least two independent experiments. The

tracks

F G 5 ” average imaging depth for HMa2-treated nodes
c was 57.5 um, and 61.5 um for isotype-treated
';_5 nodes. All movies contained the lymph node
"é g 4 capsule as a point of reference. Data from an
S E individual run are highlighted in red (cells
E :2 2 * migrating at <5 um/min) and black (cells migrating
v O ° . at > 5 pm/min). These correspond to the tracks of
ANCELS z 0 ®eq0® individual NK cells shown in the right-hand panels.
et Isotype HIV.Ia2 NLlme(.-:‘rs indicate the percentage Of.NK. cells
migrating at <5 pm/min (red for highlighted
imaging run, and gray for all imaging runs de-
picted). Corresponds to Movie S4.
(F and G) Epifluorescence analysis of cervical lymph nodes from Ncr?1S P+ mice 24 hr after earflap infection with T. gondii tachyzoites and administration of

HMo:2 or an isotype control is illustrated. (F) Images show foci of infection beneath the lymph node capsule. NK cells are in green and T. gondii in red. Dashed line
denotes lymph node capsule. (G) Graph depicts NK cell density within foci of infection. Each data point represents a single focus of infection. Data are pooled
from two independent experiments, representing a total of six isotype-treated and four HMa2-treated lymph nodes. Bars represent the mean. *p < 0.05.

Corresponds to Figure S1.

population by flow cytometry (Figure 5A). In uninfected lymph
nodes the CD169* population could be divided into CD11cM9"
and CD11¢" ™ subpopulations, which likely represent a portion
of the conventional DC population and sinusoidal (subcapsular
sinus or medullary) macrophages, respectively (Figure 5A)
(Phan et al., 2009). The CD169*CD11¢'°" " macrophage popu-
lation expressed CD11b and low-to-intermediate levels of
Ly6C. Following infection an additional population of CD11b"9"
Ly6CM" cells appeared among the CD169*CD11¢"°" " popula-
tion (Figures 5A and 5B). This population of CD169*Ly6C"" cells
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was almost completely absent in the steady state but increased
dramatically in proportion and absolute number following infec-
tion (Figure 5B). The pattern of CD11b and Ly6C expression on
these cells was reminiscent of inflammatory monocytes. We
therefore looked for expression of other inflammatory mono-
cyte-associated markers. A comparable or increased proportion
of CD169*Ly6C"9" cells expressed CCR2, iNOS, and Ly6B2 as
compared to the CD169 Ly6C"9" inflammatory monocyte
population (Figures 5B, 5C, and S2). Because CD169*Ly6C""
cells shared features of both inflammatory monocytes and



00— > 20 mins

Figure 4. NK Cells Interact with CD169*

Cells in the Subcapsular Region of the

Lymph Node

|0JJu0d

syoel) |80

(A) Individual time points and tracks from a TPLSM

movie showing three NK cells (green) forming

prolonged interactions with CD169" cells (blue) in

the cervical lymph node 24 hr after earflap infec-

tracks

1 min

T tion are shown. Corresponds to Movie S5.

(B) Analysis of interactions between NK cells and

CD169* cells is shown. Each row represents an

NK cell, and each box represents a single time

Hpuob ;|

point of approximately 30 s. Green boxes indicate

a close interaction between an NK cell and

T CD169* cell, and blue and yellow boxes indicate

interactions with second or third CD169* cells,

-~

respectively. Analysis of two to three imaging runs

; from two independent experiments are shown for

each condition. Only NK cells outside of swarms

were analyzed.

* E.

(C) Epifluorescence or confocal analysis of

w

H cervical lymph nodes and mesenteric lymph no-

n

des harvested 24 hr after earflap infection and

5 days after oral infection, respectively, is pre-

NK cells/mm? (x10°)

o

infected! n‘etwork infected: other

uninfected
network other

[ NK cell interacting with CD169+ cell #1

B NK cell interacting with CD169* cell #2

O NK cell interacting with CD169* cell #3

[ NK cell not interacting with CD169* cell

[ NK cell not yet entered/left imaging volume

sented. Dashed white lines indicate the position of
the lymph node capsule. The panels on the right
are close-up views of the boxed regions with
corresponding labels.

(D) TPLSM analysis of cervical lymph nodes
is shown. Images are from a single time point

and show CD169" cells (blue) and NK cells (green). The graph shows the density of NK cells in regions of infected lymph node with an intact network of CD169*
cells (“network™) and in other subcapsular regions exhibiting CD169 staining (“other”). Error bars represent mean + SEM. *p < 0.05. Corresponds to Movies S6,

S7, and S8.

subcapsular sinus macrophages, we refer to them here as
CD169*Ly6C"" inflammatory macrophages.

To determine if CD169*Ly6C"9" inflammatory macrophages
contact NK cells in the subcapsular region of the lymph node,
we stained sections with antibodies to Ly6B2 (expressed by
neutrophils and inflammatory monocytes/macrophages) and
Ly6G (expressed by neutrophils) (Kang et al., 2008). Ly6B2*
Ly6G™~ cells were seen in aggregates beneath the lymph
node capsule, and a subpopulation of Ly6B2*Ly6G™ cells also
stained with an antibody to CD169 (Figure 5D). NK cells were
seen in close contact with both CD169*Ly6B2 Ly6G~ cells
(CD169" subcapsular sinus macrophages) and CD169*Ly6B2*
Ly6G~ cells (CD169*Ly6C"" inflammatory macrophages)
(Figure 5D).

Reduced NK Cell Activation following Treatment with
Clodronate Liposomes

We next investigated the effect of in vivo depletion of phagocytic
cells in the subcapsular sinus on NK cell activation. Mice were
treated with clodronate or PBS encapsulated in liposomes via
the earflap route, and infected with T. gondii tachyzoites
8-9 days later. Subcutaneous injection of liposome-encapsulated
clodronate led to local depletion of both CD169* subcapsular
sinus macrophages (CD169*CD11b*CD11¢"°"/ " y6C'*" "y and
CD169*Ly6C"9" inflammatory macrophages (CD169*CD11bMo"
CD11c°"nt ygCMi9M) in the draining lymph node (Figure 6A).
Notably, depletion of the CD169-expressing subpopulations
was much more dramatic than depletion of either the
CD11b*CD11c°Y/MLy6Clo™int or CD11b*CD11c"o/ntLysChion

populations as a whole. Similarly, the proportion of CD11c"9"

cells remained unchanged, whereas we observed a slight reduc-
tion in CD169*CD11c™" cells (Figure 6A). This preferential
depletion of CD169-expressing populations may result from
delivery of liposomes through the lymphatics, leading to selective
depletion of myeloid cells present in the subcapsular region of the
lymph node. Although the overall proportion of NK cells and the
level of infection were not altered by liposome-encapsulated
clodronate treatment, the proportion of NK cells expressing
CD69 and IFN-y was significantly reduced (Figures 6B and 6C).

NK Cells Can Be Activated by CD169*Ly6C"'9"
Inflammatory Macrophages
To confirm a role for CD169* macrophages in NK cell activa-
tion, we isolated CD169*CD11b*CD11c¢'°" ™ macrophages
from the mesenteric lymph nodes of uninfected or orally in-
fected mice and cultured them in vitro with NK cells isolated
from uninfected mice (Figure 7A). CD169*~CD11b*CD11cM9"
DCs served as a comparison control for NK cell activation.
Coculture with CD169*CD11b*CD11c"°"/ "t cells from infected
mice resulted in NK cell activation, as assessed by expression
of CD69 and IFN-vy (Figures 7B and 7C). Surprisingly, this acti-
vation was even more robust than what was observed in the
presence of DCs (Figure 7B). NK cell activation was far less
dramatic when NK cells were cultured in the presence of
CD169*CD11b*CD11c®"" cells or DCs isolated from unin-
fected lymph nodes (Figure 7B).

Having established that CD169*CD11b*CD11¢""/ " lymph
node cells from infected mice are capable of activating NK cells,
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Figure 5. Altered Composition of the
CD169* Cell Population in T. gondii-Infected
Lymph Nodes

(A) Flow cytometric analysis of CD169™ cells in the
lymph node following earflap (6 hr) or oral (5 days)
infection (dead cells, T cells, B cells, NK cells, and
neutrophils excluded) is shown. Plots show gating
of CD169* cells into CD11c"9" and CD11c'"/"
populations, and gating of CD169*CD11c'"/nt
cells into Ly6C"9"CD11b"9" and Ly6C'°"CD11b*
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depict the proportion of CD169*Ly6C"" cells
expressing CCR2 or iNOS. Bars represent the
mean. (C) Representative flow plots (see also
Figure S2) are shown. *p < 0.05.

(D) Confocal analysis of cervical lymph nodes 24 hr
after earflap infection is presented. CD169 staining
is in blue and Ly6-B2 in pink. No Ly6G* cells are
shown in this image. NK cells are shown in green.
A CD169" inflammatory macrophage (arrow) is
seen interacting with an NK cell beneath the lymph
node capsule (dashed line).

NK cells

we further subdivided this population based on expression of
Ly6C (Figure 7D). Increased expression of CD69 and IFN-vy
was most dramatic following culture with CD169*Ly6CMo"
inflammatory macrophages, demonstrating that these cells are
capable of activating or priming the NK cell response during
T. gondii infection (Figures 7E and 7F). These data do not
exclude the possibility that other cell types, including DCs,
may contribute to NK cell activation in vivo. Nevertheless, the
potency of CD169*Ly6CM9" inflammatory macrophages isolated
from infected lymph nodes to activate NK cells in vitro, together
with the impact of clodronate liposome depletion on in vivo NK
cell activation, and the extensive contacts between NK cells
and CD169" cells observed in vivo, strongly points to a role for
these interactions in activation of NK cells during in vivo
infection.

DISCUSSION

During infection NK cells must interact with other cells in order to
become fully activated and to carry out their effector functions.
However, we have limited information about how this occurs
in vivo. Here, we used a T. gondii-mouse infection model in
conjunction with TPSLM to address this question. We found
that NK cells accumulate in the subcapsular region of the lymph
node near foci of infection, where they engage in relatively stable
interactions with CD169* cells. Infection also promotes the asso-
ciation of NK cells with collagen fibers near the lymph node
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capsule, thereby promoting accumulation of NK cells near foci
of infection. Our results provide an anatomical and dynamic
context for understanding NK cell responses during infection
and provide evidence for a role for myeloid cells in the subcap-
sular sinus of the lymph node in NK cell activation.

Our results contribute to a growing body of evidence that the
subcapsular region of the lymph node, and the CD169* macro-
phages found there, play a crucial role in the initiation of immune
responses. Macrophages at the subcapsular sinus have been
previously implicated in transportation and presentation of
antigen to B cells, antigen presentation for conventional T cells
and invariant NK T cells, and production of type | IFN following
viral infection (Carrasco and Batista, 2007; Barral et al., 2010;
Chtanova et al., 2009; lannacone et al., 2010; Junt et al., 2007,
Phan et al., 2007, 2009). Interestingly, the CD169" population
in infected lymph nodes with the greatest ability to activate NK
cells also shares some cell surface markers with inflammatory
monocytes, leading us to call these cells CD169*Ly6CM9" inflam-
matory macrophages. It is possible that CD169*Ly6C"" inflam-
matory macrophages derive from the CD169* macrophage
population resident in the subcapsular sinus of the resting lymph
node. However, we favor the possibility that they are derived
from inflammatory monocytes, a cell type previously shown to
play a protective role in T. gondii infection (Dunay et al., 2008).
Inflammatory monocytes that are recruited to the subcapsular
region of the lymph node may upregulate CD169 as a response
to the local tissue environment or may acquire the antigen via
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transfer from resident CD169-expressing macrophages (Gray
et al., 2012). In this context the CD169 marker may indicate acti-
vation or exposure to an inflammatory environment, rather than
serving as a marker for resident subcapsular macrophages (Bie-
sen et al., 2008).

Although a variety of cell types are capable of acting as
accessory cells for NK cell activation in vitro, many in vivo studies
have focused on the role of DCs, leaving the in vivo role of macro-
phages and monocytes relatively underexplored (Andrews et al.,
2003; Fernandez et al., 1999; Hou et al., 2011; Kassim et al.,
2006; Lucas et al.,, 2007; Pribul et al., 2008; Schleicher
et al., 2007). It is likely that the relative contributions of DCs,
macrophages, and monocytes in vivo will vary with the route
and type of infection. For example production of IFN-y by splenic
NK cells in response to intraperitoneal T. gondii infection is
impaired in Batf3~'~ mice, which lack CD8* DCs (Mashayekhi
et al., 2011). Furthermore, NK cells formed prolonged contacts
with DCs in Leishmania major-infected lymph nodes (Bajénoff

et al, 2006). Although we also found that DCs isolated
from mesenteric lymph nodes following oral T. gondii infection
could activate NK cells in vitro, they were less efficient at
inducing IFN-y production compared to CD169*CD11c'o"/nt
macrophages.

Interactions between immune cells and components of the
extracellular matrix contribute to the spatial organization and
regulation of the immune response; however, little is know about
how these interactions change during infection. Here, we identi-
fied an important role for the interaction between CD49b and
collagen for regulation of NK cell migration in vivo during infec-
tion. This builds on an earlier study showing that the crosslinking
of CD49b that occurs during bead-based sorting of NK cells can
alter their motility upon subsequent in vivo transfer (Garrod et al.,
2007). In the lymph node, collagen is a major constituent of the
lymph node capsule and also forms the core of a network of
reticular fibers that extend out from high endothelial venules to
the sinuses. The association of NK cells with conduit-associated
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collagen was somewhat surprising given that in the resting lymph
node, it is thought that the collagen core of the reticular fibers is
completely ensheathed by fibroblastic reticular cells and, there-
fore, inaccessible to NK cells (Roozendaal et al., 2008). We spec-
ulate that during inflammation-induced remodeling of the lymph
node, the pace of collagen deposition may outstrip the rate at
which fibers are ensheathed, granting the NK cells access. Ac-
cording to this notion, infection-induced changes in the lymph
node that expose collagen could serve as a kind of “danger
signal,” leading to altered leukocyte trafficking. Increased
surface expression or adoption of the high-affinity conformation
of the integrin in response to chemokines may also contribute to
altered trafficking. Although blocking the CD49b-collagen inter-
action did not impair NK cell activation in this setting, it did signif-
icantly reduce the accumulation of NK cells near foci of infection.
Thus, the collagen association may help position activated NK
cells close to relevant target cells, thereby aiding in the produc-
tive delivery of cytokines and other effector responses within the
lymph node. It is also possible that the interaction between NK
cell and collagen may contribute to NK cell activity in other
settings by fine-tuning the response or by retaining NK cells in
a region of the lymph node where they can receive other acti-
vating signals.
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tory monocytes into TipDCs (Kang et al.,

2008). We have shown previously that

infection of CD169" subcapsular sinus
macrophages by T. gondii results in the formation of neutrophil
swarms beneath the lymph node capsule, which contribute to
the local remodeling of the CD169* cell layer (Chtanova et al.,
2008). Our observation that NK cell-macrophage interactions
occur in regions of the capsule where the macrophage layer is
disordered suggests that remodeling of the lymph node capsule
may facilitate the access of NK cells to CD169* cells. Remodel-
ing at foci of infection may also contribute to CD8" T cell
responses because these cells are also recruited to foci of infec-
tion and form antigen-specific interactions with CD169" cells
(Chtanova et al., 2009). In this way the spatial and temporal
pattern of immune cell recruitment to sites of infection may
orchestrate the interactions required for optimal generation of
immune responses.

An interesting question will be whether this environment can
also promote interactions required for NK cell effector function.
NK cells can promote macrophage killing of T. gondii, and they
are implicated in optimizing the T cell response to T. gondii,
either directly or by increasing IL-12 production by APCs
(Combe et al., 2005; Goldszmid et al., 2007; Guan et al., 2007;
Hou et al., 2011). Activation of NK cells accumulating near foci
of infection in the subcapsular sinus may allow for simultaneous
encounters with accessory cells, infected cells, APCs, and



T cells (Klezovich-Bénard et al., 2012). Interactions formed
between these cells and NK cells may contribute to control of
infection and the generation of an adaptive immune response.

In summary our data support the notion that the subcapsular
sinus represents an important site for the initiation of immune
responses, provide evidence that macrophages in this region
can promote NK cell activity, and reveal a role for collagen inter-
actions in directing NK cells to foci of infection within the lymph
node.

EXPERIMENTAL PROCEDURES

Mice

C57BI/6 mice were purchased from The Jackson Laboratory or Taconic or
were bred in-house. Taconic mice were used only in Figure 1C. CBA/J mice
were purchased from The Jackson Laboratory. Ncr1®™+ mice were a gift
from Dr. O. Mandelboim (The Hebrew University of Jerusalem) (Gazit et al.,
2006). Mice were housed under specific pathogen-free conditions at the
AALAC-approved animal facility in the Life Science Addition, University of
California, Berkeley. Animal experiments were approved by the Animal Care
and Use Committee of University of California, Berkeley.

T. gondii Infections

Type Il Prugniaud parasites engineered to express tdTomato and ovalbumin
(Chtanova et al., 2008, 2009; Schaeffer et al., 2009) were used for all experi-
ments described. For oral infections, 50 cysts isolated from the brains of
chronically infected mice were administered by gavage. For earflap infections,
1 x 10° tachyzoites isolated from in vitro cultures were injected per earflap.

Depletion of NK Cells

Mice were given 250 pg anti-NK1.1 (PK-136) or a rat IgG2a isotype control
(UCSF Hybridoma and Monoclonal Antibody Core) i.p. 1 day prior to and
3 days after oral infection. Depletion of NK cells was confirmed by staining
single-cell suspensions of mesenteric lymph node and spleen with antibodies
to NKp46 (29A1.4; eBioscience) and CD3e (145-2C11; eBioscience).

Confocal/Epifluorescence Image Analysis

For quantification of NK cell density, NK cells were enumerated by applying
spots to each NK cell using Imaris software. LYVE-1 staining was used to
define regions corresponding to the medulla or subcapsular sinus in Imaged.
Alternatively, foci of infection at the lymph node capsule were identified, and
aregion extending 60 pixels beneath the lymph node capsule was drawn using
Imaged. The areas of these regions were determined using ImagedJ, and the
density of NK cells within each region was calculated. Analysis of infected
cell density was performed in the same way.

Two-Photon Imaging

Two-photon imaging was performed on lymph nodes that had been explanted
and perfused in warmed oxygenated media, as previously described by
Bousso and Robey (2003). Cervical lymph nodes were prepared for imaging
18-24 hr after earfap infection, and mesenteric lymph nodes 4-5 days after
oral infection. All imaging experiments were performed using Ncr1¢™*
mice. In some experiments, 10 pg anti-CD49b (HMa2; eBioscience) or isotype
control was injected into the earflap 4 hr prior to imaging. In other experiments,
10 pl neat in-house AF532-labeled anti-CD169 antibody (AbD serotec) was in-
jected into the earflap just prior to sacrifice. Further technical details are
provided in the Extended Experimental Procedures.

To evaluate the relationship between NK cell speed and proximity to
collagen, we tracked the position of each NK cell over time using Imaris and
then defined the location of the collagen at each time point by generating an
isosurface based on the second harmonic signal (Gaussian, 0.5; threshold,
45), and filling the entire “collagen isosurface” with 1 um diameter “collagen
spots.” For each NK cell at each time point, we calculated its distance to
the nearest collagen spot and its interval speed based on the position of the
same NK cell in the successive time point. Data are presented as the average

of distance to closest collagen spot versus average of interval speed for each
NK cell track.

In Vivo Depletion of Macrophages

Mice were injected in the earflap with a suspension of clodronate or PBS-
loaded liposomes 8-9 days prior to infection. Clodronate was encapsulated
in liposomes as described previously by Van Rooijen and Sanders (1994).
Phosphatidylcholine (LIPOID E PC) was obtained from Lipoid GmbH, Ludwig-
shafen, Germany. Cholesterol was purchased from Sigma-Aldrich, St. Louis.
Clodronate was a gift of Roche Diagnostics GmbH, Mannheim, Germany.

In Vitro Culture of Immune Cell Populations

Myeloid cell populations were purified from the mesenteric lymph nodes of
C57BI/6 mice that had been orally infected with T. gondii cysts 5 days previ-
ously (see Extended Experimental Procedures). A total of 0.25 x 10%-1.2 x
10° of the indicated myeloid cell populations was cultured with 0.5 x 10°-2 x
10° NK cells overnight in 96-well round-bottom plates in RPMI supplemented
with 10% FCS, L-glutamine, 2-ME, Pen/Strep, and 50 U/ml rhIL-2. For the final
4 hr of culture, GolgiStop and GolgiPlug (BD Biosciences) were added to
cultures.

Statistics

Values are expressed as mean + SEM. Levels of significance were calculated
by the unpaired Student’s t test using GraphPad Prism software. Differences
were considered significant at p < 0.05 and are indicated with an asterisk.
“ns” is not significant.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures, two
figures, and eight movies and can be found with this article online at http://
dx.doi.org/10.1016/j.celrep.2012.06.001.
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