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Three Phases of CD8 T Cell Response in the Lung
Following H1IN1 Influenza Infection and Sphingosine 1
Phosphate Agonist Therapy
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lan Parker'?, Hugh Rosen®, Michael B. A. Oldstone?, Michael D. Cahalan'*

1 Department of Physiology and Biophysics and the Center for Immunology, University of California Irvine, Irvine, California, United States of America, 2 Department of
Immunology and Microbial Science, The Scripps Research Institute, La Jolla, California, United States of America, 3 Department of Chemical Physiology, The Scripps
Research Institute, La Jolla, California, United States of America, 4 Department of Medicine, Faculty of Medicine, Laval University; [IUCPQ Research Center, Québec, Québec,
Canada, 5 Department of Neurobiology and Behavior, University of California Irvine, Irvine, California, United States of America

Abstract

Influenza-induced lung edema and inflammation are exacerbated by a positive feedback loop of cytokine and chemokine
production termed a ‘cytokine storm’, a hallmark of increased influenza-related morbidity and mortality. Upon infection, an
immune response is rapidly initiated in the lungs and draining lymph node, leading to expansion of virus-specific effector
cells. Using two-photon microscopy, we imaged the dynamics of dendritic cells (DC) and virus-specific eGFP*CD8" T cells in
the lungs and draining mediastinal lymph nodes during the first two weeks following influenza infection. Three distinct
phases of T cell and CD11c" DC behavior were revealed: 1) Priming, facilitated by the arrival of lung DCs in the lymph node
and characterized by antigen recognition and expansion of antigen-specific CD8" T cells; asymmetric T cell division in
contact with DCs was frequently observed. 2) Clearance, during which DCs re-populate the lung and T cells leave the
draining lymph node and re-enter the lung tissue where enlarged, motile T cells come into contact with DCs and form long-
lived interactions. 3) Maintenance, characterized by T-cell scanning of the lung tissue and dissociation from local antigen
presenting cells; the T cells spend less time in association with DCs and migrate rapidly on collagen. A single dose of a
sphingosine-1-phosphate receptor agonist, AAL-R, sufficient to suppress influenza-induced cytokine-storm, altered T cell
and DC behavior during influenza clearance, delaying T cell division, cellular infiltration in the lung, and suppressing T-DC
interactions in the lung. Our results provide a detailed description of T cell and DC choreography and dynamics in the lymph
node and the lung during influenza infection. In addition, we suggest that phase lags in T cell and DC dynamics induced by
targeting S1P receptors in vivo may attenuate the intensity of the immune response and can be manipulated for
therapeutic benefit.
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Introduction related quality of life for up to twelve months [5,6]. In addition to

) ) ) palliative therapy, a variety of new pharmaceutical targets
Influenza A infection can be lethal, because of massive

inflammation which results in lung-tissue damage from extensive
epithelial autophagy and intra-alveolar edema that lead to acute
respiratory distress syndrome (ARDS) [1,2,3]. During pathological

designed to quell induction of the ‘cytokine storm’ are being
investigated as potential therapies in patients suffering from
influenza A infection. In animal models, suppression of early
cytokine induction by targeting sphingosine-1-phosphate (S1P)

HlN 1 influenza A infcctign, an aggres:sivc immune response 15 receptors using agonists AAL-R (SIP, 5 5) or CYM-5442 (SIP))
initiated by lung endothelial cell cytokines [1,2], which recruit ’

innate and effector T cells that together contribute to epithelial cell
death and a dysregulated positive feedback loop of cytokine
production termed a ‘cytokine storm’ [3,4]. In humans, this rapid
and highly reactive immune response is the underlying cause of
respiratory complications that persist long after viral clearance.
Patients hospitalized and diagnosed with HINI-induced ARDS
frequently suffer significant reduction in lung function and health-

has been demonstrated to hinder development of a cytokine storm,
early innate cell infiltration, and effector CD8" T cell responses
while significantly increasing animal survival rates without altering
the kinetics of viral clearance [1,7,8]. In contrast, corticosteroids
currently used to treat influenza-induced ARDS broadly suppress
immune responses and may ultimately be detrimental [9,10].
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Influenza infection in the lung and upper airways initiates an
adaptive immune response to peripheral infection by inducing
long-range migration of antigen-bearing, tissue-resident dendritic
cells (DCs) to the draining (mediastinal) lymph node [11]. Two-
photon imaging of T cell-APC interactions in living tissues has
previously yielded tremendous insights into 'I" cell behavior during
activation in the context of antigen-specific immune responses that
produce protective immunity [12,13]. Here, we applied 2-photon
imaging to elucidate the dynamics of CD11c" dendritic cell and
antigen-specific naive CD8" T behavior in the lung and
mediastinal lymph node in response to mouse-adapted HINI
influenza A virus (A/WSN/33). Our model of influenza infection
allows us to image and analyze the progression of an immune
response to influenza A infection through the classically described
phases of priming, clonal expansion and contraction. Here, we add
to this classical understanding of the adaptive immune response by
describing these three phases of an immune response in terms of
CD8" T cell and DC behavior and interactions. We further
investigated the effects of S1P agonist treatment on cellular
dynamics in the lung and draining lymph node and discovered
phase lags in the cellular behavior that may lead to therapeutic
benefit.

Results

Imaging DCs in the lung

To image the immune response to influenza infection over the
course of two weeks, we developed a novel, semi-intact lung
preparation that allowed for consistent access to the all regions of
the lung, while maintaining cell viability and structural integrity.
To achieve this, the mouse trachea was intubated immediately
after sacrifice and the lungs were slowly filled with low-melt
agarose, slices distal from the imaging site were made and imaging
was performed in the areas outlined by black boxes (Figure 1A).
Agarose maintained structural integrity by keeping the lungs
inflated while allowing for deep-tissue imaging by eliminating air
pockets that differ in refractive index from in situ imaging media.
After inflation of the lungs with low melt agarose, whole lung tissue
was removed intact and imaged. CDI11c-eYFP mice [14] were
used in all imaging experiments. We observed eYFP-bright cells
near the surface of the lung (20-50 pm deep), and on occasion
near small blood vessels. These cells exhibited characteristic
properties of DCs, demonstrating an extended cell morphology
and active sampling of the local environment; (Figure 1B, Video
S1, left). In contrast, a different population of eYFP-dim cells was
found deeper in the lung tissue (50-200 pm below the surface) and
sometimes within alveolar spaces. These eYFP-dim cells had a
spherical morphology consistent with alveolar macrophages
(Figure 1C, Video Sl, right). These findings are consistent with
previously described DC and alveolar macrophage morphology in
live lung imaging using a suction window preparation [15]. The
eYFP" cells had a hi-modal distribution of sphericity (where 1 =
perfect sphere; Figure 1D). The two populations of cells showed
significantly different velocities: macrophage-like cells (sphericity
>0.85) had higher average velocity than dendritic-like cells
(sphericity <0.85; Figure 1E). The more spherical cells found in
the deeper regions of the lung tended to be smaller in volume
(1250232 um® than less spherical cells (4093232 pm®,
p<<0.001). Therefore, the phenotype of the relatively smaller,
more spherical eYFP-dim cells is concordant with their being
alveolar macrophages, whereas the morphology of eYIP-bright
cells found at the surface of the lung and near blood vessels is
consistent with previous reports describing CD11c¢" lung DCs

[15].
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To determine the phenotype of lung-resident populations of
eYFP" cells we analyzed expression of common DC markers. In
order to examine cells near the surface of the lung, 50-200 pm
sections of tissue from the lung surface of CD11c-eYFP mice were
separated by micro-dissection and homogenized for whole-tissue
FACS. The outer lung contained both ¢YFP" and ¢YFP* cells,
whereas internal lung tissue contained only eYFP' cells
(Figure 1F). Furthermore, the ratio of CDI 1" CDI1B"° to
CD11c"® CD11b™ cells was nearly three times higher at the surface
of the lung relative to the parenchyma (Figure 1G). Finally,
because influenza clearance is dependent upon a migratory
subtype of dendritic cell that is CDI11c™CDI11b*CD103"
[11,16], we examined the distribution of CDI11c"CDI103*
dendritic cells. We found that the CD103" population was
enriched at the surface lung tissue and CDI103 expression
correlated with high expression of CD11c and eYFP (Figure S1A,
B). These results indicate that the actively probing, motile ¢YFP"
cells seen at the lung surface are migratory DCs that are essential
for priming CD8" T cell responses in the draining lymph node
[11,16,17].

Phase 1 (Days 1-3): arrival of highly motile DCs in the
draining lymph node and T cell priming

To image T cell priming and effector responses to influenza in
the lung, mouse-adapted HINI influenza virus expressing the
LCMV protein GP33 (A/WSN/33; FLU-LCM) was used to infect
CD11c-cYFP mice 24 h after the adoptive transfer of 5x10* naive
GP33-specific eGFP'CD8" (P14) T cells [18] (Figure 2A).
Mediastinal lymph nodes and lungs were imaged on days 1
through 14 after infection at the indicated times. The kinetics of
viral clearance replicated time courses previously reported in
studies of human and murine immune responses to FLU-LCMV,
in which complete clearance was achieved by day 8 post-infection
[7,19,20]. Influenza infection induced the migration of DCs from
the lung, corresponding to the arrival of highly motile DCs in the
draining lymph node. Within 24 h, no eYFP-bright DCs were
apparent near the surface of the lung (Figure 2B, Video S2). On
day 3 post-infection, the number of visible DC-like, eYFP-bright
cells in the lung increased in most animals imaged (Figure 2C,
Video S3), forming dense clusters 10-50 pm below the collagen-
rich surface of the lung. eYFP-bright cells within the lung tissue on
day 3 were more highly motile than remaining DCs on day 1
(Figure 2D). The sphericity of the eYFP-dim cells remaining in the
lung on day 1 was significantly higher than eYFP" cells before
infection or on day 3 after infection (Figure 2E), consistent with
alveolar macrophages remaining in the lung while eYFP-bright
DCs migrate to the lymph node and then begin to return by day 3.
The re-population of CD11c" cells in the lung at this stage of
influenza infection is carried out primarily by CDI11c'CDI11b*
inflammatory-type DCs [11]. No eGFP" T cells were apparent in
the lung before infection or during phase 1.

In the lymph node prior to infection, the resident, sessile DCs in
the lymph node formed a network of cells that actively extended
processes (Video S4, left; T cells = white tracks, DCs = blue
tracks), as previously described [14]. Corresponding to the loss of
lung DCs, eYFP" DCs filled structures that connected to the
subcapsular sinus space in the mediastinal lymph node on day 1,
and that closely resembled afferent lymphatic sinuses in size,
shape, and location (Figure S2A). Within 1 day of influenza
infection, the arriving DCs migrated among resident DCs in the
draining lymph node (Figure S2B; Video S4, center). To analyze
DC behavior further, we divided DCs into two populations
according to mean velocity (>6 pm/min = motile DCs, <6 pm/
min = sessile DCs) and defined their motility within the lymph
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Figure 1. Imaging lung tissue in CD11c-eYFP" mice. (A) Whole mouse lung inflated with 10% low-melt agarose, trachea folded forward, and
general regions of imaging marked by black squares. (B) Two views of the lung from a CD11c-eYFP" animal taken in the lower left lobe, 0-50 um
below the dense collagen network at the lung surface. The surface of the lung is identifiable by second harmonic generation (violet-blue) of the
dense collagen network (20-30 um thick) before giving way to alveolar spaces (parenchyma). Blood vessels were highlighted by injection of 655 nm
Q-dots (i.v.) 5 min prior to lung harvest (right; large tick marks =10 pum). (C) Rounded eYFP-dim cells 150 um below the surface in the parenchyma of
the lung. Large tick marks in B and C=10 um. (D) Sphericity of eYFP* cells imaged in all locations of the lungs; note the bimodal distribution (1=
perfect sphere). (E) Distributions of mean cell velocities in eYFP-dim cells of low (grey bars) and high (black bars) sphericity (>0.85 and <0.85; as
indicated by dashed line in D). Arrows indicate mean velocities of low and high sphericity cells (5.7£0.45 and 3.5+0.34 um/min, respectively;
p<<0.01). (F) FACS analysis after micro-dissection of agarose-inflated lung tissue to separate the imaged surface (S) of the lung from the parenchyma
(P). (G) The ratio of CD11c"CD11b"° vs CD11c°CDIT1bM cells is significantly higher near the lung surface than in the parenchyma (mean =3.2+0.6
and 0.7£0.3, respectively, p=0.03). Each dot represents an individual cell, bar represents the mean of 3 trials. Representative images taken from 3

separate experiments.
doi:10.1371/journal.pone.0058033.g001

node. The percentage of motile resident DCs in CD1lc-eYFP
animals was identical to that previously reported in lymph nodes
(4.7£1.4%) [14]. On day 1 following infection, the percentage of
highly motile DCs in the lymph node increased significantly
(25.2%3.6%) and remained elevated on day 3 (19.0%4.2%)
relative to uninfected control lymph nodes (Figure S2C). Motile
DCs may include resident DCs that are induced to migrate [21],
as well as DCs originating from the lung. Highly motile DCs were
tracked by hand; small, T cell-sized eYFP* cells were excluded
from analysis due to the possibility of an occasional CD8"CD11c*
T cell in the draining lymph node (<3% of CD8" T cell
population) [22]. Sessile control, day 1 and day 3 DCs were
significantly larger than the motile DCs in the lymph node
(Figure S2D). Motile DCs exhibited a myriad of behaviors within
the lymph node, organizing into clusters (Figure S3E), and
interacting extensively with sessile DCs (Figure S3F), potentially
delivering antigen to resident DCs for T cell priming [23,24,25].
In summary, our imaging demonstrates a loss of lung
CD11¢"CD103" DCs that corresponded to an influx of highly
active DCs into the mediastinal lymph node on day 1 after virus
infection, consistent with previous reports of rapid exit of lung-
resident CD11c¢"CD11b~CD103" DCs followed by arrival in the
draining lymph node post-influenza infection [16,26].

Under control conditions and during the first three days
following infection, both eGFP" CD8" T cells and eYFP" DCs
were present in the mediastinal lymph node, consistent with
previous studies demonstrating that the naive CD8" T cell
population is sequestered, expands, and gains effector capabilities
prior to infiltration of the lung [17,27]. Control and day 1 CD8* T
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cells were highly motile, while day 3 T cells had more confined
movement (Video S4, white tracks, Figure 2F). Average T cell
velocities were similar to control values on day 1, and by day 3 T
cell velocities significantly decreased (Figure 2G). Because antigen
transfer from migratory peripheral DCs to resident network DCs
may occur prior to CD8" T cell activation [24], and robust DC
migration within the lymph node could serve as a mechanism for
antigen distribution rather than T cell priming [14,28], we
separated CD8" T cell and eYFP-DC interactions into two groups
for analysis: T cell interactions with sessile DCs and T cell
interactions with motile DC contacts. On day 1 following
infection, contact durations between T cells and sessile DCs were
already prolonged compared to control T-motile DC interactions,
whereas on day 1, T-motile DC contacts remained brief
(Figure 2H, Video S4). By day 3, CD8" T cell contacts with
sessile DCs were further prolonged, and were longer than T-motile
DC contacts on day 3 (Figure 2H). These results indicate that T
cell contacts are significantly more stable with sessile than with
motile DCs. Despite little change in velocity and only a slight
increase in contact duration, the average volume of T cells on day
1 was elevated relative to controls, an indication that T cells had
encountered activation signals 24 h after infection, and by day 3T
cell volume was significantly higher than control and on day 1
(Figure 2I).

The changes in T cell size and velocity apparent by day 1
indicated that T cells had begun to respond to exogenous antigen,
so we further examined T cell movement and applied directional
persistence analysis [29] to determine if motility patterns were
altered at this time (Figure 2J). Briefly, directional persistence

March 2013 | Volume 8 | Issue 3 | e58033



Imaging Immune Cells during Influenza Infection

lung day 1 G lung day 3

day:<1 0 1 3 6 8 10 14

L | ' T .
s 2-photon imaging lung/lymph node
FLU-LCMV
eYFP-CD11c GP33/CD8" eGFP* T cell adoptive transfer

D ' E LN control LN day 1 LN day 3
60, V. 1 B
2
2401 S
: —_
o [
o £
204 =
Ol ARRERN Inli] 0.
0 5 10 15
velocity um/min
G H | J 241
E < 40, 12
E E ! 0T Q@ E ng 00 05 10
£ o ¢ 301 : ! 0 EgF o E '
= 1 i i o o € 24 O
z g 20 : I ¥ B B 212
3 3 L - S 9] > o4 Q
= 2 1 1 > 4 O b '
[ © 10- 1 i = N o 05 00 05 1.0
: f leaadd® i [ : !
8 0 § 0' ! ! - Q D > 3;
] (o] D1 D3 m c S mD1 s mD35 Cc D1 D3 D3 0o
05 00 05 1.0
K directional persistence

92:13

Figure 2. Phase 1: Events in the lung and lymph node during the Priming phase. (A) Time-line of infection and tissue harvesting for
influenza imaging. B) Lung tissue surface image 24 h after infection showing clearance of the eYFP-bright cells (cf. Fig. 1B); small eYFP-dim cells
remain. Large tick marks in B, C, F =20 pm. (C) Three days after infection, eYFP-bright cells form clusters just below the collagen-rich surface. (D) The
velocity of eYFP™ DCs in the lung on days 1 (black) and 3 (grey). Mean velocity is significantly higher on day 3 (5.1=0.1 vs. 2.6+0.2 um/min,
respectively; p<<0.01). (E) Sphericity of the eYFP* cells before infection (C, 0.77+0.02, p<<0.01), remaining in the lung on day 1 (D1, 0.85+0.01), and on
day 3 after infection (D3, 0.78+0.01, p<<0.01). Circles are measurements from individual cells, red bars = mean. (F) Tracks (grey) of eGFP* CD8" T cells
(green) in mediastinal lymph nodes with no infection (control), and on days 1 and 3 post-infection; eYFP-CD11c* DCs (yellow) are also seen. Tracks
represent 20 min of T cell movement for control and day 3, and 59 min of T cell movement on day 1; track times differed to allow for visualization of
rare T cells on day 1. (G) Mean lymph node T cell velocities in control, day 1, and day 3 post-infection (respectively, 14.3+0.3, 14.9£0.5, and
8.60.2 pm/min). Control and day 1 T cell values are not statistically different (p =0.9); both have higher velocity than T cells on day 3 (p<<0.01 for
both). (H) T cell-DC contact durations with motile (m) or sessile (s) DCs. Compared to control, contact durations increase significantly for motile DCs
on day 3 (3.0£0.4 min, p<0.01 for both motile DC-T comparisons), and for sessile DCs on day 1 (3.0+0.2 min, p<<0.01) and day 3 (10.3*1.0 min,
p<0.01 for both sessile DC-T comparisons). (I) The volume of T cells in the lymph node for control T cells (335+24 pm?>), on day 1 (485+43 pm?>) and
day 3 (1040138 um°). Note 1 pm?* =1 femtoliter. p<<0.01 for all comparisons. (J) Average track directional persistence (dp) plotted against velocity
for control (mean track dp =0.3320.02), day 1 (dp =0.38%0.05), and day 3 (dp =0.440.03, p<<0.01 both comparisons) T cells. On day 1, T cells have
a negative correlation with velocity (Pearson’s correlation coefficient PCC of —0.4, p=0.004), and correlation between velocity and directional
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persistence is not evident in control and day 3 analysis (PCC =0.1 and 0.13 respectively, p>0.2 in both samples). (K) Example of T cell division on day
3 while in contact with a sessile APC (large tick marks =10 pm). Data from each tissue and day were pooled from 4-6 separate experiments; each
individual dot represents the behavior of a single cell, bars represent the mean.

doi:10.1371/journal.pone.0058033.g002

describes the linearity of cell movement from its point of origin; a
value of 1 would represent a straight line away from the point of
origin, 0 neutral movement, and -1 movement directly towards the
track origin. Control and day 1 CD8" T cells exhibited similar
mean directional persistence. However, unlike control cells, the
directional persistence and velocity of individual cells were
negatively correlated on day 1. This indicates that faster moving
T cells (up to 25 pm/min) on day 1 post-infection tended to move
in a more tortuous path relative to their origin, while slower
moving cells demonstrated higher directional persistence. In-
creased CD8" T cell confinement was previously reported to occur
in an antigen-independent manner in the presence of activated
DCs [30]. On day 3, T cells exhibited the highest mean directional
persistence of all cell populations imaged in the lymph node and
the lowest mean velocity (Figure 2G, J), indicating that day 3 T
cells move slowly and along straighter paths.

On day 3 in the lymph node, CD8" T cell division is a
prominent feature of T cell priming. The rate of observed cell
divisions was estimated to be ~1,700/hr/pl, the maximum
division rate recorded in this study. In contrast to previous
imaging studies in which both CD4 and CD8" T cell division was
seen after detachment from antigen presenting DCs [30,31], we
found that CD8" T cell division usually occurred while T cells
maintained contact with a sessile eYFP* APC. The observed T cell
divisions fell into three categories: 1) both daughter cells
maintained contact with the APC (Figure 2K, Video S5, left); 2)
polarized division where only one daughter cell remained in
contact with the APC (Figure S3A, Video S5, center); and 3) the T
cell moves off the APC and then divided without visible APC
contact (Figure S3B; Video S5, right). In half of the observed T
cell divisions (50%) both daughter cells maintained contact with
the APC; an equal number were polarized or APC-independent
(25% each; Figure S3C). Interestingly, T cell division while in
contact with an APC was relegated to T cell contacts with sessile,
e¢YFP-dim APCs (Figure S3D). Prior to division, T cells moved in
a directional manner towards the APC on which division occurred
(Figure S3E). T cells, just prior to division, demonstrated
significantly higher velocity and directional persistence relative to
daughter cells after detachment from DCs and relative to total
pooled day 3 GD8" T cells (Figure S3F, G; ¢/ Fig. 2G). This result
is similar to previous reports of chemokine-guided CD8" T cell
movement toward an APC, during activation and generation of
memory T cells [32].

Phase 2 (Days 6-8): viral clearance; DCs repopulate the
lung, effector CD8" T cells migrate to the periphery
Consistent with previous descriptions of T' cells arriving in the
lung following influenza virus infection [33], CD8" T cells were
readily visible in the deep lung in close association with clusters of
eYFP" DCs on day 6 (Figure 3A, Video S6, left). On day 8, T cells
appeared to be more numerous and migrated more rapidly than
day 6 T cells (Figure 3A, B; Video S6, right). T-DC contact
durations in the lung were not statistically different between day 6
and day 8 (Figure 3C). The percentages of motile DCs found in
the lung tissue were not significantly different between days 3, 6
and 8 (all below 10%). T cells imaged on day 8 in the lung were
significantly smaller than on day 6 (Figure 3D). Despite previous
reports of T cell division in the lung after viral infection [33,34],
we failed to observe any examples of T cell division near DC

PLOS ONE | www.plosone.org

clusters at the surface or in the parenchyma, possibly because cell
division may occur earlier than day 6 or in the upper airways (not
imaged in this study). Although day 6 and 8 'T" cells exhibit similar
velocities, day 6 T cells had lower directional persistence,
indicating a higher level of confinement (Figure 3E). Furthermore,
day 8 lung T cells demonstrated a positive correlation between
directional persistence and velocity, indicating that the fastest
moving T cells were less confined. In summary, CD8" T cells prior
to viral clearance (day 6) have slower velocity, are larger in volume
and have more confined motility than T cells imaged just after
viral clearance on day 8.

Markedly fewer T cells were visible in the lymph node on
days 6 and 8 as compared to day 3 (Figure 3F, Video S7). This
matches the time when mature effector cells exit from the lymph
node and T cells arrive in the peripheral tissue [27]. The mean
velocity of T cells on day 6 and 8 was significantly faster than on
day 3 (Figure 3G). As observed on days 1 and 3, T cell contacts
with sessile DCs were longer than with motile DCs on both
days 6 and 8 (Figure 3H). The percentage of motile DCs per
imaging volume decreased significantly on day 6, relative to
days 1 and 3, matching control numbers for motile DCs (4.4%
and 4.7%, respectively, p=0.8). However, the percentage of
motile DCs increased again on day 8 (11.5%, p=0.03); this
increase may represent a second wave of CD11b*" DCs from the
lung, consistent with previous data from influenza infection and
skin inflammation [24,35]. Overall, T cell volume in the lymph
node on days 6 and 8 decreased relative to T cell volume on day
3, but was stable between day 6 and day 8 (Figure 3I). T cells on
day 6 in the lymph node had lower directional persistence than
on day 8 (Figure 3J).

In summary, relative to day 3 T cells, CD8" T cells in the
lymph node on days 6 and 8, exhibited decreased contact
duration with sessile DCs, smaller cell volume, and increased
overall velocity. On day 8 T cells demonstrated an increase in
directional persistence relative to day 6 in the presence of a
significantly higher number of motile DCs. In addition, on day 8
a rare T cell division was seen (Video S7, right); however, no
proliferation was visualized on day 6 in the lymph node. In this
phase, T cell proliferation in the lymph node is minimal, the
number of visible T cells decreases, the percent motile DCs
decreases, and activated T cells have entered the lung tissue.
Therefore, Phase 2 represents a shift of T cell activity to the
lungs, corresponding to viral clearance.

Phase 3 (Days 10 and 14): maintenance, decreasing T cell
numbers in the lung

In the lung on days 10 and 14 post-infection, T cells were less
confined to clusters of DCs, and T-DC interaction times were
shorter than during phase 2 (Figure 4A, Video S8). Near the
surface of the lung, eYFP-bright DCs were distributed along
collagen fibers, where highly motile T cells crawling along collagen
fibers made brief contacts (Figure S4A, B; Video S8). Clusters of
DCs were occasionally visible in the inner lung tissue, and around
larger airways in slice preparations, although fewer T cells were
found in these regions relative to the lung surface (Figure S4C). T
cells near the lung surface on day 10 had significantly higher
average velocities than on day 8, but by day 14 lung T cell
velocities decreased relative to day 10 (Figure 4B). Despite the
decrease in average velocity, on day 14 T-DC contact durations
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Figure 3. T and DC behavior in the lung and lymph node during the Clearance phase. (A) Images of T cells (green with grey tracks), shown
with yellow DCs in the lung on day 6 and day 8 (16.5 min of T cell movement tracked, large tick marks =20 pum). (B) T cell velocities on days 6 and 8
(8.2£0.4 and 9.9+0.22 um/min, respectively, p<<0.01). (C) T-DC contact durations in the lung on days 6 and 8 (8.6+1.3 and 7.4%1.2 min, respectively,
p=0.86). (D) T cell volumes in the lung on days 6 and 8 (83456 and 604+63 um?, respectively, p<0.01). (E) Scatter plot of lung T cell velocity
against directional persistence for day 6 (top; dp =0.22+0.02) and day 8 (bottom: dp =0.30%+0.03; p=0.02). Day 8 T cell dp and velocity are
positively correlated (PCC =0.6, p<<0. 01). (F) Images and tracks (grey) of lymph node T cells (green), shown with yellow DCs on day 6 and day 8.
Tracks represent 16.5 min (large tick marks =20 um). (G) T cell velocities in the lymph node on day 6 (10=0.21 pm/min) and day 8 (10.8+£0.31 um/
min, p=0.08; p<<0.01 compared to day 3 for both, c.f. Fig. 2G). (H) T cell contact durations with motile DCs (m) remains low for day 6 (2.1£0.2 min)
and day 8 (2.70.4 min). Both day 6 (9.7%1.3 min) and day 8 (8.8*1.3 min, p=0.5) T cell contact with sessile DCs (s) is only slightly shorter than at
day 3, but significantly higher than control. (I) T cell volume in the lymph node remains enlarged, and is not significantly different between day 6
(634+70 um3) and day 8 (540*+45 um3, p=0.8). (J) Directional persistence of CD8" T cells in the lymph node on day 6 (dp =0.22+0.2) and day 8 (dp

=0.3820.02) plotted against velocity demonstrates a significant difference in directional persistence (p<<0.01). Data from each tissue were pooled

from 3-4 separate experiments; each individual dot represents the behavior of a single cell, bars represent the mean.

doi:10.1371/journal.pone.0058033.g003

remained brief (Figure 4C). Also, on both day 10 and 14, T cells
were seen to briefly enter alveolar spaces (Figure S4D, E; Video
S9). At these time-points the percentage of motile eYFP-bright
DCs in the lung tissue was low (<5%), matching control numbers
for percent motile lung DCs, and the volumes of lung T cells
remained low relative to day 6 post-infection (Figure 4D). T cell
directional persistence on day 10 increased relative to day 8, but
decreased again on day 14 (Figure 4E). In summary, lower
velocities, increased confinement, and fewer T cells per imaging
volume on day 14 indicated a transition from the T cell tissue-
scanning behavior seen on day 10, to the contraction of the
effector 'T' cell population on day 14.

In the lymph node on days 10 and 14, fewer T cells were visible
compared to days 6 and 8 (Figure 4F, Video S10). Day 10 T cell
velocity was not different from days 6 and 8; however, day 14 T
cell velocity decreased relative to day 10 (Figure 4G). In addition,

PLOS ONE | www.plosone.org

day 10 T-sessile DC contact times in the lymph node decreased
significantly relative to day 8 and remained brief through day 14
(Figure 4H). On day 14, A small percentage of T cells on days 10
(14%) and 14 (9%) demonstrated an extended DC contact
duration, (>10 min, up to 30 min), which may represent cells
continuing to receive antigen stimulation. As seen on day 8, the
percent of motile DCs found in the draining lymph node on day
10 (11.1%1.4%) is higher than the percent of motile DCs found in
control lymph nodes, but decreased significantly by day 14
(2.120.5%, p<0.01). T cell volume also decreased between day 10
and day 14 (Figure 4I). Motility of T cells on day 10 and 14
differed only in directional persistence; day 10 T cells had a
significantly higher mean directional persistence than day 14 T
cells (Figure 4J), indicative of less overall confinement and perhaps
greater tissue scanning capabilities of day 10 T cells, relative to day
14T cells.
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Figure 4. T and DC behavior in the lung and lymph node during the Maintenance phase. (A) Images of DCs (yellow) and T cells (green) in
the lung 10 and 14 days after influenza infection; tracks (grey) represent 16.5 min of T cell movement, large tick marks =20 um. (B) T cell velocities in
the lung on day 10 (11.2£0.22 um/min) and day 14 (8.30.4 um/min, p<<0.01). (C) T-DC contact durations in the lung on day 10 (5.8220.9 min) and
day 14 (5.7%0.8 min; p=0.5, not significantly different). (D) T cell volumes in the lung on day 10 (72198 umS) and day 14 (652*45 um3, p=0.5,ns).
(E) T cell directional persistence in the lung (plotted against velocity) on day 10 (0.35%0.03) and day 14 (0.25+0.03, p=0.01). (F) Images of T cells in
the lymph node on day 10 and day 14. Tracks (grey) represent 16.5 min, large tick marks =20 pum. (G) T cell track velocities in the lymph node on day
10 (10.0£0.4 um/min) and day 14 (9.0+0.3 um/min; p=0.03). (H) T cell contact durations with motile DCs on day 10 (1.8+0.6 min) and day 14
(1.7£0.2 min, p=0.7, ns); and with sessile DCs on day 10 (4.81 min) and day 1 (4.7%£0.8 min, p=0.35, ns). (I) T cell volumes in the lymph node on
day 10 (79648 um?®) and day 14 (669+32 um?3, p=0.02). (J) Directional persistence plotted against velocity for day 10 (dp =0.36+0.02) and day 14
(dp =0.21+0.03, p<0.01). Velocity correlates with directional persistence in day 14 T cells (PCC =0.47, p<<0.01). Data from each tissue were pooled
from 3-4 separate experiments; each individual dot represents the behavior of a single cell, bars represent the mean.
doi:10.1371/journal.pone.0058033.g004

S1P receptor agonist treatment delays T cell activation eYFP" cells was similar to that on day 1 APC in untreated animals
during influenza infection and was higher than cell sphericity in lung from both vehicle-
treated and untreated animals, indicating that DCs had not yet
begun to repopulate the lungs (Figure 5C). T cells in lungs of AAL-
R-treated animals on day 6 were found in the vicinity of diffuse
DC clusters and exhibited similar motility as T cells in lung tissue
from vehicle-treated control animals (Figure 5D). However, the
contact duration of T cells with local DCs in the lung was
significantly shorter in treated animals relative to control
(Figure 5E), indicative of a milder response. Finally, T cells in
the lungs of AAL-R treated animals had similar cell volumes
relative to vehicle-treated animals (Figure 5F).

Fewer T cells were visible in the lymph node of AAL-R treated
animals on day 3 after infection as compared to control day 3
lymph nodes (Figure 5G), indicating a delay or inhibition of cell
proliferation. The percentage of motile DCs in the lymph nodes of
AAL-R-treated animals relative to untreated animals on day 3 was
similar (17£3.3% and 19%4.4%, respectively). Despite a similar
percentage of motile DCs, the distribution of DCs in the lymph

S1P agonist treatment suppresses the development of cytokine
storm and associated pathology characteristic of severe influenza
infection, without compromising the kinetics of viral clearance [7].
Here we investigated the effects of the S1P agonist AAL-R on the
progression of T' cell responses and dendritic cell behavior during
influenza infection. Shortly after infection, animals were treated
with a single dose of AAL-R (i.t.) and tissues were harvested at
days 3 and 6 for imaging. In contrast to infected animals without
AAL-R treatment, there was little to no re-population of YFP-
bright DCs in the lung on day 3 (Figure 5A). To ensure deep-lung
clusters were not overlooked, slice preparations of the treated lung
tissues were made. No DC clusters were evident. By day 6, some
clusters of DCs were visible just below the surface of the lung;
however, these DC clusters were more diffuse than the day 6 DC
clusters in untreated animals (Figure 5B, Video S11). In AAL-R-
treated animals on day 3, the sphericity of the remaining lung
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Figure 5. AAL-R treatment modifies T cell and DC dynamics. (A) Image of the deep lung from an AAL-R-treated animal on day 3 (left),
compared to vehicle-treated lung on day 3 (right, large tick marks =20 um). (B) Image of the deep lung on day 6 and T cell tracks (25 min tracks,
grey; large tick marks =20 um). (C) Dendritic cell sphericity in the lung on day 3 (0.8+0.02) and day 6 (0.77+0.01, p=0.03). (D) Velocity of T cells on
day 6 in AAL-R treated (8.7+0.4 um/min) animals and in vehicle-treated lungs (8.2£0.4 um/min; p=0.4, ns). (E) Contact duration of T cells with DCs in
the lung on day 6 in AAL-R treated animals (6.2==1 um/min) and in vehicle-treated lung (9.7£1.6 um/min, p=0.04). (F) T cell volumes in AAL-R-
treated lung (1520+130 um?®) and in vehicle-treated lung (1823114 um>; p=0.13). (G) T cell tracks (grey) in three regions in the lymph node defined
by dendritic cell patterns of distribution: 1) outlined lymphatics (T cell tracks =29.5 min); 2) large clusters of DCs (T cell tracks =1:29 hr:min); and 3)
even distribution (T cell tracks =29.5 min). All large tick marks =20 um. (H) T cell velocity plotted against directional persistence in these three
regions (region 1, T cell dp =0.51+0.03; region 2, dp =0.27+0.05; region 3, dp =0.57+0.05; p<<0.01 for region 2 compared to both regions 1 and 3).
T cell velocity and directional persistence show a negative correlation in region 3 (PCC =—0.6, p=0.03) and a positive correlation in regions 1 and 2
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(PCC =0.5, p=0.0005, and 0.53 p =0.05, respectively). () T cell tracks (grey) in the lymph node on day 6 after AAL-R treatment (8 min tracks). (J) T cell
velocities in the lymph node of AAL-R-treated animals on day 6 (12.5%0.32 um/min) and day 3 (9.9%0.38 um/min, p<<0.01). (K) T-DC contact
durations with motile DCs (m, 3.1%0.7 min) or with sessile DCs (s, 7.4=2 min, p=0.02). T cell contact durations with sessile DCs on day 3 and day 6
(74£2 and 6.1£1.5 min, respectively, p=0.9). T-DC contact with motile DCs on day 6 is significantly lower than contact with sessile DCs on day 6
(1.7+0.2 and 6.1+1.5 min, respectively, p<<0.01). (L) T cell volumes in the lymph node on day 3 and day 6 (2600+252 and 902+50 um?, respectively,
p<<0.01). (M) T cell velocity plotted against directional persistence in lymph node on day 6 of AAL-R-treated animals. (N) T cell division on day 3 and
day 6 occurs primarily while in contact with a sessile eYFP* DC. Data from each tissue were pooled from 3-4 separate experiments; each individual

dot represents the behavior of a single cell, bars represent the mean.
doi:10.1371/journal.pone.0058033.9005

node was noticeably different between day 3 untreated and day 3
AAL-R-treated animals. Three regions within the lymph node
were identified in the lymph nodes of AAL-R-treated animals
characterized by distinct distributions of dendritic cells: 1) afferent
lymphatics were filled with DCs in several regions; 2) large clusters
in which active DCs grouped together; and 3) diffuse zones that
contained independently motile DCs which were most similar to
day 3 control lymph nodes (Figure 5G, Video S12, left, right, and
center). T cell behavior was measurably different in each of these
regions. First, T cells did not enter the afferent lymphatic areas
outlined by DCs, but crawled around and over these areas with
relatively slow mean velocity and high mean directional persis-
tence (Figure 5G and H, Video S12, region 1, left). Second, T cells
that entered clusters of DCs moved with significantly lower
directional persistence than DCs near the lymphatic sinus, but
with similar overall mean velocities (Figure 5G, H, region 2,
center). Third, T cells in regions of diffusely organized DCs were
found to have a higher track velocity than either lymphatic-
sampling or cluster-associated T cells, and moved with high
directional persistence (Figure 5H). Similar to day 1 T cells in
untreated animals, T" cells in regions of relatively diffuse DCs
demonstrated a strong negative correlation between velocity and
directional persistence; therefore, slower cells demonstrated higher
directional persistence, while faster cells embarked on a more
tortuous path, similar to day 1 T cells in untreated animals.
Although T cell division was seen on day 3, it was relatively rare
(~120/hr/ul) compared to control animals, and only occurred in
the regions of diffuse DCs that were typically deeper in the T cell
zone of the lymph node (100-150 pm below the capsule).
Therefore, in general, T cells in AAL-R-treated animals on day
3 demonstrated behavior that appeared to be a mix of day 1 and
day 3 control T cell behavior.

DC clusters and lymphatic DCs had dispersed in the lymph
node of AAL-R-treated animals by day 6, although T cells were far
more abundant than in control animals (Figure 5I, Video S13),
consistent with a delay in proliferation and inhibition of egress. T
cell velocities in the lymph nodes of AAL-R-treated animals were
on average higher than the pooled day 3 control T cell velocities
(Figure 5], ¢f Fig. 2G). CD8" T cell division in AAL-R treated
mice occurred more often on day 6 (Video S13, dividing cells
circled) than on day 3, at an estimated rate of 1,100/hr/pl and
only slightly less than T cells in untreated animals on day 3
(~1,700/hr/pl). In general, day 6 T cells had a higher average
velocity, and slightly shorter T-DC contact times (Figure 5K) and
a lower mean volume (Figure 5L), than day 3 T cells in AAL-R
treated animals. In addition, day 6 T cells had a lower overall
directional persistence when compared to pooled day 3 AAL-R
treated T cells and a positive correlation between velocity and
directional persistence (Figure 5M). In line with our observations
of T cell behavior during division, on day 3 and day 6 in AAL-R
treated animals T cell division occurred while in contact with a
sessile APC (Figure 5N). In summary, AAL-R treatment delayed
CD8" T cell division, an effect that may be caused by reduced
antigen delivery by DCs to the lymph node.
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Discussion

The dynamic ebb and flow of dendritic cell and 'T' cell migration
and T-DC interactions within each environment illuminate the
intimate association between the draining lymph node and
peripheral tissues during an effector response to viral infection.
Here we describe the kinetics of CD8" T cell and dendritic cell
interactions over a 14 day time course of an immune response to
influenza A infection. A heat map of T cell and dendritic cell
activity in the lung and lymph node over the course of 14 days
after infection illustrates three overlapping phases of T cell and
DC response to influenza infection: 1) Priming; 2) Clearance; and
3) Maintenance (Figure 6). During the priming phase, the adaptive
response is initiated following a long-range migration by DCs
bringing antigen to the lymph node. Flu-specific T cells recognize
antigen and begin to proliferate. During the clearance phase,
activated CD8" T cells (CTLs) repopulate the lung in a reciprocal
long-range migration from the draining lymph node to the lung.
CD8" T cells then recognize and kill virus-infected cells. In the
maintenance phase, T cells continue to scan the lung, but in
diminished numbers. Below, we provide a summary of 'T" cell and
DC dynamics for each of the phases and, when relevant, compare
cellular dynamics of influenza infection with T cell and DC
responses to immunization by antigen with adjuvant.

Phase 1: DC mobilization and T-cell priming

The first response of the adaptive immune system to influenza
infection is the initiation of a long-range migration of antigen-
bearing CD11c™ CD11b"/™8 CD103" lung-resident dendritic
cells to the mediastinal lymph node, followed by T cell priming
(Fig. 2, [36]). Murine lung tissue is patrolled by two subsets of
conventional CD11c* DCs, distinguished by CD11b and CD103
expression. CD103"CD11b” DCs participate in viral antigen cross-
presentation and antigen transfer through MHC-I antigen-bearing
DC membrane exchange [16,23,24,25,26,37,38]. We show that
CD103*CD11b” DCs are enriched near the surface of the lung as
demonstrated by flow cytometry of micro-dissected tissue. Two-
photon imaging of brightly-fluorescent eYFP™ DCs revealed that
this DC population is readily imaged in control animals but is
absent near the lung surface 24 h after viral infection, coinciding
with the arrival of highly motile DCs in the draining lymph node.
At 24 h, only a few ¢YFP-dim cells remain in the lung, mostly
located in and around alveolar spaces. The remaining eYFP-dim
cells consist of a mixture of APCs that likely includes alveolar
macrophages, the rare plasmacytoid DCs, and CD103°CD11b"
DCs that become activated upon viral infection, but stay behind in
lung tissues supporting the early immune response to viral
infection [39,40,41].

T cells become activated in the draining lymph node and begin
to divide during Phase 1. The behavior of T cells in the lymph
node on day 1 is marked early on by active migration but
increased confinement as T cells encounter antigen-bearing DCs,
and is similar to the first stage of the T cell response to specific
antigen [30,31]. However, T cell swarming behavior, as previously
described [30,31], did not occur on either day 1 or day 3 of our
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imaging experiments. An absence of swarming behavior could be
for one of several reasons. First, T cell swarm formation may occur
transiently at an intermediate time point between days 1 and 3.
Second, in our experiments the numbers of adoptively transferred
antigen-specific cells were much smaller (~1% to 0.5% of antigen-
specific cells transferred in previous studies), so that fewer visible
cells were available to identify a swarm. Third, DCs from the lung
enter and migrate rapidly throughout the lymph node. This rapid
migration may promote extensive antigen distribution throughout
the sessile DC network, producing several available sites for T cells
to encounter antigen. Therefore, during infection T cells may not
have to seek a rare antigen-bearing DC, but instead, antigen
distribution throughout the DC network by highly motile
peripheral DCs may allow for rapid cognate antigen identification
within the draining lymph node.

Unlike previous reports of I' cell division in the lymph node
[30,31], our imaging demonstrated that T cells preferentially
divide while in contact with a sessile eYFP" APC. These sessile
APCs may represent either a lymph node-resident population of
DCs, macrophages, or recent migrants that have settled into the
sessile network. Antigen presentation by both resident and
migratory DCs is important for effective CTL responses, and
recent DC emigrants are an essential source of antigen [25]. It is
likely that T-DC contact during T  cell division was not reported by
other studies [30,31] because only the antigen-presenting cells
from the periphery were labeled. Interestingly, prior to initiating
contact with the DC that supports division, T cells moved in a
directional manner towards the target DC, similar to previous
reports of APCs directing local CD8" motility prior to T-DC
contact [32]. Behavior during T cell division was heterogeneous;
some cells divided in a polarized manner with only one daughter
cell maintaining contact with the local DC and in other divisions
both daughter cells maintained contact with the local DC.
Asymmetric and symmetric DC-daughter T cell contact (or lack
of T-DC contact) during division likely represents an early step in
T cell programming by local DCs during the developing immune
response that produces the heterogeneity of virus-specific CD8" T
cell lineages [42,43,44].
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Phase 2: Viral clearance

Lung imaging revealed that T cells begin to arrive on day 6 and
encounter DCs that had already arrived to repopulate the lung. T-
DC interactions on day 6, prior to viral clearance, are
characterized by the longest lasting interactions of all time points
examined. These extended interactions likely represent the
reactivation of effector CD8" T cells in the periphery, an early
step in the initiation of effector function that may allow for local
APC titration of the T cell response [40]. Two days later,
coinciding with wviral clearance in the lung, T cell velocity
moderately increases as T-DC interactions slightly decrease
together with decreases in T cell volume and directional
persistence. The decrease in directional persistence, despite higher
velocities and shorter contact times, indicates that CD8" T cells
demonstrate higher overall confinement, which may be due to
interactions with and killing of virus-infected cells. Contrary to
other reports of effector cell division at the site of viral infection in
the brain and lung [33,45], T cell division was not seen in the lung
on day 6, but may have occurred upon initial T cell arrival in the
lungs (day 4-5) [33], or in regions such as upper airways that were
not imaged in this study. Instead, enlarged T cells were observed
crawling on collagen fibers and frequently associated with local
APCs, behavior reminiscent of effector T cells in skin during a
DTH response [46].

In the lymph node, T cell division was not seen on day 6, but
did occur rarely on day 8. It is possible that a rare division event
on day 6 was missed in our imaging, or that a second wave of
antigen-bearing DCs, (apparent in a significant increase in motile
DCs on day 8 and 10) from the periphery supports additional T
cell division on day 8. In support of this hypothesis, T cell
velocities and directional persistence markedly decreased on day 6
only to recover on day 8, mimicking day 1 T cells that are just
encountering peripheral DCs. In line with our results, previous
studies have reported that after virus clearance, antigen-bearing
DCs migrate from the lung to the draining lymph node where they
contribute to the maintenance of antigen-specific CD8" memory T
cells [47,48].
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Phase 3: Maintenance

On days 10 and 14 (2 and 6 days after complete clearance of
detectable virus in the lung), fewer CD8" T cells were visible in the
lung, and these cells associated less frequently with DCs. Instead T
cells travel along collagen fibers and actively sample alveolar
spaces. By day 14, T cell motility decreased relative to day 10 and
it was difficult to find cells in the tissue, although they may have
dispersed more evenly throughout the lung (no longer associated
with areas of high DC density). Fewer visible T cells corresponds
to the contraction of the effector T cell population. Dendritic cells
in the lung tissue after viral clearance are reported to form tertiary
lymphoid tissues that are maintained for up to a month post
infection [49]. Near the lung surface we found that eYFP* DCs
were highly dispersed, and although some clusters remained near
larger airways, T cells did not engage those DCs for an extended
period of time. These DC-independent T' cells moving throughout
the lung tissue are likely full effector T cells capable of killing a
virus-infected cell. Therefore, T' cell scanning behavior within the
infected tissue may represent a ‘seek and destroy mode’ to remove
any residual infected cells and maintain the state of viral clearance.

In the lymph node, cell volume, velocity and number of visible
cells significantly decreased during the maintenance phase.
Although contact duration with sessile DCs decreased on average,
an occasional T cell maintained extended contact (>10 min) with
a sessile DC. These interactions may be due to residual antigen
presentation which plays a significant role in the development of
memory CD4" T cells after influenza infection [50], but may not
always be necessary for CD8" T cell memory development [51]. In
general, however, T cell reduction in size and numbers on days 10
and 14 overlap with the CD8" T cell contraction during which
95% of effector cells undergo apoptosis [52].

T cell velocities increase in the lung just after viral clearance,
then decrease as T cell numbers and scanning behavior in both the
lung and lymph node is diminished by day 14. In the lymph node
the number of visible T cells continues to decrease relative to the
peak seen on day 3, and T cell size and velocity are lower as the
immune response wanes.

Sphingosine 1-phosphate receptor agonist treatment

Intra-tracheal treatment with sphingosine 1-phosphate agonists
AAL-R and CYM-5442 after influenza infection suppresses DC
migration to the draining lymph node, inhibits DC maturation,
reduces serum levels of pro-inflammatory cytokines, and perhaps
most relevant for therapeutic potential, AAL-R demonstrates
superior protection from mortality over neuraminidase inhibitor
after challenge with a lethal dose of influenza [1,2,3,7,8,53].
Furthermore, treatment with S1P agonist AAL-R reduces CD8" T
cell accumulation in the lung tissue after infection [53].
Surprisingly, suppression of the adaptive effector cell response
does not alter kinetics of viral clearance [8,53].

Our data demonstrate that DC infiltration of the lymph node
from the periphery, as well as T' cell division, were delayed by a
single dose of AAL-R. Although T cells did make some long-lived
contacts with local DCs on day 3 in AAL-R-treated animals, they
failed to divide. The majority of imaged T cell proliferation
occurred on day 6 rather than day 3 after infection. The delay in
peak T cell proliferation may be due not only to an apparent delay
in DC entry but also to AAL-R suppression of lung DC
maturation upon exposure to antigen. Treatment with AAL-R
causes significant down-regulation of MHC class I and MHC class
II as well as co-stimulatory ligand CD86 [7]. It is possible that an
APC presenting only low levels of antigen and lacking full co-
stimulatory capabilities could cause T cell enlargement seen on
day 3 with AAL-R treatment without inducing T cell division.

PLOS ONE | www.plosone.org

11

Imaging Immune Cells during Influenza Infection

Interestingly, T cell accumulation in the lung at later time points
(day 6) appears to be inhibited while T cells spend less time in
contact with the local DC population in the lung. Therefore, in
line with previous studies that demonstrated suppression of the
effector T cell response to influenza upon AAL-R treatment, we
find that the arrival of motile DCs and T cell division in the lymph
node is significantly delayed on day 3 [2,7]. Furthermore, T cells
in the lung on day 6 interact less with local eYFP" DCs which did
not form large clusters but were instead diffuse and more difficult
to find in the tissue.

In summary, this study characterizes the behavior of CD8 T
cells and eYFP-CD11c DCs during the priming, clearance, and
maintenance or contraction of an immune response to the
pandemic flu virus HIN1. Our results also reveal important phase
lags in T cell and DC dynamics induced by targeting S1P
receptors in vivo and suggest that the timing of long-range
migrations helps to determine the intensity of the immune
response. We propose that selective disruption of cellular
trafficking between lung and lymph node as a key target for
therapies to prevent the cytokine storm that causes long-term lung
damage. Finally, our quantitative imaging analysis provides the
framework for future studies to evaluate potential therapies that
target different phases of the response to infection. Imaging
immune responses in the lung has only just begun to reveal the
myriad of cellular interactions that occur in this organ.

Materials and Methods

All procedures were in accordance with National Institutes of
Health (NIH) guidelines and approved by Institutional Animal
Care and Use Committees at the University of California, Irvine,
and at The Scripps Research Institute.

Virus infection and imaging model

The CD8" T cells recognizing LCMV Gp33-41 (P14) originated
from H-2b mice engineered to express the T cell receptor for
Gp33-41 [18]. The TCR mice were crossed to transgenic mice
expressing GFP under transcriptional control of B-actin [54].
GFP-TCR Gp33-41 CD8" T cells were isolated from spleens of
crossed mice by negative selection using a CD8" T cell enrichment
kit STEMCELL technologies, Vancouver, Canada). The purity of
GFP-TCR Gp33-41 cells was >98%. 5x10* GFP-Gp33-41 CD8
T cells were adoptively transferred via tail vein injection into mice
expressing eYFP under the CDI1lc promoter [14] 24 h prior to
infection. Animals were infected it. with 1x10° PFU of the
recombinant A/WSN/33 mouse adapted influenza virus engi-
neered to express Gp33-41 from lymphocytic choriomeningitis
virus (LCMV) ARM3b that comprises the major immunodomi-
nant CD8" T cell epitope for H-2b (H-2b D restricted) mice (Flu/
LCMV) [53]. AAL-R was administered 1t. (0.2 mg/kg) as
previously described [53] 30 min post infection.

Several preparations for lung imaging have been developed
recently, including tissue slices [55], suction windows [15,56], and
timed acquisition [57] to minimize motion artifacts due to
respiration. To image the immune response to viral infection in
the lung we used a semi-intact lung preparation in which agrose-
filled lungs were sliced at a distal site and placed in an imaging
chamber slice-site down but otherwise intact. This allowed us to
scan the tissue where we found the majority of T cells and T-DC
interactions near the outer edges of the lung and image for
extended periods at several sites in the same lung tissue. This
preparation was novel in that imaging was not performed within
several millimeters of a slice site, but instead at the surface of the
lung. 24 h post infection animals were sacrificed and lungs were
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filled with 10% low-melt agarose (Sigma Aldrich, St. Louis, MO
USA) maintained at 37°C in a water bath. A total volume of
~1 mL was used to inflate the lungs accounting for some loss in
the trachea. Slow inflation of the lung was important to minimize
trapping of air that obscures two photon laser penetration of tissue.
Mediastinal lymph nodes were harvested from behind the lung
after inflation and removal of the lung tissue. Tissue was intact for
the majority of the imaging experiments, except for the separation
of lung lobes for mounting in the imaging system. Tissue mounting
onto unbreakable plastic cover slips (General Laboratory Supply,
Pasadena TX, USA) was achieved using a small amount of
VetBond"™ (3 M Corporation) on the underside of the lung lobe
or mediastinal lymph node. Slice preparations were occasionally
made (as noted in the text) using a vibratome to bisect a lung lobe
horizontally to allow for access to internal tissues and deep alveolar
spaces for imaging. Imaging in slice preparations was performed a
minimum of 50 pm below the site of tissue bisection. Tissue was
kept on ice prior to imaging and during imaging tissue was
submerged in a bath of oxygen perfused RPMI maintained at
37°Ci and fed by peristaltic flow, as previously described [46]. To
highlight blood vessels 655 Qdots (Invitrogen, USA) were injected
1.v. 5 min prior to sacrifice.

Imaging system

Two-photon imaging was performed using a previously
described system [46] with a Chameleon Ultra II Ti:Sapphire
laser (Coherent Inc. Santa Clara, CA USA). Laser excitation was
tuned to 880-900 nm to maximize eGFP and eYFP fluorescence,
and second harmonic generation that marks the collagen fibers.
510 and 540 nm dichroic mirrors (Semrock, Inc. Rochester, NY
USA) were used in series to separate emission into blue
(<510 nm), green (510-540 nm) and red (>540 nm) channels.
3D image stacks were acquired using Slidebook version 4.2 and
3D stacks were compiled in Metamorph version 6.1 (Molecular
Devices, LLC USA). Depending upon depth of the z-stack, time-
points were taken every 18 to 27 seconds.

Image analysis, statistics, and equations

Imaging analysis was performed in Imaris version 7.1.1.
Increased power to the blue-channel PMT and Gaussian filtering
was applied to improve visual separation of eGFP and eYFP. All
cell tracking, brightness, and volume measurements were per-
formed and/or edited by hand to ensure accuracy. Dendritic cells
that moved on average >6 pm/min were considered motile. DC
brightness is denoted as eYFP-dim or eYFP-bright when imaged,
and eYFP" or eYFP" when analyzed by flow cytometry. Although
they are not typically bright enough to be visualized using 2-
photon microscopy [14], some lymphocytes express CD11c and
are therefore potentially labeled with eYFP in this mouse model.
In final videos, cells were pseudocolored to enhance color
separation between eYFP and eGFP. During analysis the rare
potential lymphocyte was excluded. For example, any eYFP* cell
without obvious additional sampling or projections while crawling
that was in the size-range of an activated T’ cell ~10-12 pm in
length was excluded. Data sets were tested for normality and either
a two-sample t-test (normally distributed data sets) or non-
parametic analysis by Mann-Whitney U —test (non-normal
distribution) were applied to determine statistical significance.
The Pearson correlation coeflicient (PCC) represents the degree of
correlation (either positive or negative, value range: -1 to 1), where
0.4-0.6 1s generally interpreted as a moderate correlation, and
=0.6 can be interpreted as a strong correlation [58]. All statistical
analysis was performed in OriginPro version 8 (Originllab Corp.,
Northampton, MA USA). Sphericity (¥) was calculated in Imaris
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using the following equation:

¥ =(n~(1/2)(6Vp)(2/3))/ Ap,

(where Vp = the volume of a particles, Ap = the surface area of
the particle, and ¥ =1 for a perfect sphere. Directional persistence
[29] was calculated for every two steps (step 1, 2 and step 2, 3 etc.)
for sequential 3D coordinates of cell position from the following
equation:

directionalpersistence = (Dy— Dy) + (D3 —D,) /(dy + d3),

where D = displacement d = distance; value range of -1 to 1).

The number of cell divisions per hour per microliter was
estimated by counting the number of cell divisions observed in a
given imaging volume for the duration of the Video (typically
45 minutes to 1.5 hours). The number of divisions/hour/micro-
liter were then averaged across at least 2 experiments (6-10 videos
total). The number or n value given in the figure legends, unless
otherwise stated refers to separate experiments.

FACS analysis

Agarose-inflated lungs from wild type or CD1lc-eYFP mice
were harvested and micro-dissected under a 40x dissecting
microscope, where ~ 200 mm of the surface of the lungs was
separated from the inner lung parenchyma. A single cell
suspension of the tissue samples was made in ice cold 5% BSA
and 2% FCS, stained with primary antibodies for 10 min prior to
wash and fixation in 1% PFA (all listed reagents: Sigma Aldrich,
St. Louis, MO USA). Antibodies used for labeling lung resident
DCs harvested from either eYFP* or wt lung tissue: anti-mouse
CDI11c-FITC, PE, or APC conjugated clone #N418, Armenian
Hamster IgG FITC, PE or PE-Cy5 ITC, CD11b-PE clone #M1/
70, Rat IgG2bk-PE ITC (BD Biosciences, San Jose, CA), anti-
mouse CD103-PerCP-Cy5.5 clone #2E7, Armenian Hamster IgG
PerCP-Cy5.5 ITC, (BioLegend, San Diego CA). FACS data was
acquired on a BD LSR II (BD Biosciences, San Jose CA, USA)
and analyzed using Flow]Jo version 8.7.3.

Supporting Information

Figure S1 CDI11c™ DCs near the lung surface are
CD103". (A) FACS analysis of the lung surface gated on a high
forward scatter profile (left), revealing CD11c" and CDI11c"
populations. CD103 expression in these two populations (right). (B)
Expression of CD103 in CD11c™, relative to CD11¢* cells on the
surface of the lung (ratio =2.1%0.7). Data are representative of 3
separate experiments.

(TIF)

Figure S2 Early DC infiltration and behavior in the
lymph node. (A) Compiled image of DCs in the lymph node on
day 1 show eYFP' cells outlining afferent lymphatic space. (B)
Tracks of motile DCs deep in the lymph node on day 1 post-
infection (46:43 min:sec), large tick marks =10 pm. (C) Percent
motile DCs (¢YFP") cells in the lymph node is significantly higher
on day 1 (25.2%£3.6%, p<0.01) and day 3 (19.0%4.2%) compared
to the percent of motile DCs in the control lymph node
(4.7£1.4%, p<<0.01, both). (D) Dendritic cell volume v. track
velocity plots show that cells with an average velocity >6 pm/min
have significantly lower volume (closed circles) relative to ¢eYFP*
DCs moving <6 pm/min (open circles). In control lymph nodes
(volume motile =570%75 um®,  sessile  =1209+287 pum?,
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p<0.01), day 1 (volume motile =715+68 um’ sessile

= 16437206 pm®, p<<0.01) and day 3 (volume motile
=803+140 pm®, sessile =2002+328 um”, p<<0.01). Mean values
for each group are denoted by the red dot. (E) DCs exhibit several
different behaviors on days 1 and 3 in the lymph node, here on
day 3 DCs move together to form a sessile cluster. (F) A motile DC
engages, and crawls on and around a sessile cluster of DCs, large
tick marks =5 pm; track duration =36:53 min:sec. Data were
compiled from 4-6 separate experiments; each dot represents
measurements taken from a single cell.

(TTF)

Figure 83 Characteristics of dividing T cells in the
lymph node on day 3. (A) Images of a CD8" T cell dividing in a
polarized manner while in contact with a sessile DC. White arrows
in the last frame point to the direction of movement taken by the
daughter cells. (B) Images of a CD8" T cell division while not in
contact with a sessile DC. (C) Analysis of 20 examples of cell
division in 3 separate lymph nodes, 3 days after influenza
infection. Most cells divide while in contact with a sessile DC.
(D) Brightness of DCs in contact with T cells leading to division,
and alone (mean relative brightness =0.9%0.26) normalized to all
DCs in the imaging volume (mean relative brightness ratio
=2.4%x0.1), where the dimmest visible cell =0; n=3 separate
experiments. (E) Time-lapse images of a CD8" T cell on day 3.
The cell makes a sharp turn and moves in a highly directional
manner prior to division on a sessile DC; track duration
=49:32 min:sec. (F) T cell velocity prior to contacting DC and
dividing (11.4*1.8 pm/min, n=8 tracks) and daughter cell
velocity after detachment from the DC (8.4%0.5 pm/min,
n=16 tracks, p=0.04). (G) Analysis of T cell directional
persistence (5-10 min) prior to contact with a DC on which
division occurs. Counts represent the directional persistence of
every two steps taken by the T cell. T cells showed high directional
persistence (0.63%20.05, n =8 cells), compared to both daughter T
cell motility (n= 16 cells) after division (0.35%0.04, p<<0.01), and
pooled day 3 T cells (0.36%£0.02, p<<0.01, n=4 separate
experiments for all division data).

(TIF)

Figure S4 T cell motility and behavior in deep lung
parenchyma. (A) T cell tracks (grey) in the lung on day 10 over
40 minutes of imaging demonstrate that T cells preferentially
crawl along collagen fibrils embedded with eYFP" DCs (left),
represented in a space filling model where collagen fibrils are blue,
APCs are gold and T cell tracks are grey (right; large ticks
=10 pm). (B) Percent of time T cells in the lung spend in contact
with a visible collagen fiber steadily increases between day 6
(51£7%) and day 14 (82%4%, p<0.01). (C) Cluster of DCs on
day 10 in the lung were found deeper in the lung tissue
(100 microns from the surface), than clusters of DCs imaged at
carlier time points. (D) Close up of collagen bands (blue)
supporting alveolar sacs in the deep lung (and outlining alveolar
space) and T cells (green) that occasionally enter the alveolar
space. (E) A series of images where in both a T cell (green, panels
0:28 to 13:46 min), a motile DC (yellow, panels 17:05 to
37:32 min), and alveolar macrophage (yellow, panels 20:54 to
40:51 min) probe the circled alveolar space (scale bar =5 um).
Images are representative of 3 separate experiments.

(TIF)

Video S1 Imaging of control lung in CD1lc-eYFP'
animals with 655-Q-dots (red) to highlight blood vessels.
eYFP-bright dendritic cells (yellow) are readily found at, or just
below the lung surface (0-50 um deep), marked by a dense
network of collagen fibrils that produce second harmonic signals
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(blue). DCs are also sometimes near blood vessels and actively
sample the local environment (left). Deeper in the lung tissue (100
200 pm below the collagen-rich surface), alveolar macrophages
that are eYFP-dim, highly spherical, non-motile and typically
10 pm or less in diameter are found associated with alveolar
spaces outlined by second harmonic generation produced by
collagen fibrils (right). Video durations = 14:10 (min:sec), 20 pm
large tick marks.

(M1V)

Video S2 A 3D rotation highlighting the loss of eYFP-
bright DCs from the surface of the lung. 24 h after
influenza infection (right) compared to control lung in the same
area and tissue depth (left). Collagen fibrils (blue), eYFP* cells
(yellow), large tick marks =20 pm.

M1V)

Video S3 Highly active eYFP' DCs (yellow) at the
surface of the lung, 3 days after infection. These cells
extended highly active processes and were not widely distributed
but rather collected in high density nodes of eYFP" DCs. Note
dense collagen structure, blue. Video duration =32:51 (min:sec),
large tick marks =20 pm.

M1V)

Video S4 T cells (green, white tracks) and motile DCs
(yellow, blue tracks) in the control lymph node (left), day
1 lymph node (center), day 3 lymph node (right). Arrows
in day 1 Video (center) point to a rare T cell in the lymph node at
this time. Tracks represent 6 min of preceding T' cell movement,
Video duration =15:49 (min:sec), and large tick marks =20 pm.
M1V)

Video S5 Three modes of T cell division imaged in the
lymph node on day 3 after influenza infection were
captured in 2-photon imaging. Symmetrical contact during T
cell (green) division in which both daughter cells maintain contact
with the eYFP* DC (yellow) supporting T cell division (left, Video
duration = 56:14 min:sec). Polarized or asymmetrical division in
which only one daughter T cell maintains contact with the DC
supporting T cell division (center, Video duration =41:11 min:-
sec), and independent division in which T cells move off of a visible
APC and divide independent of eYFP*-DC: contact (right, Video
duration 43:05 min:sec). T' cells are marked by center points (red)
and white tracks =5 min preceding T cell movement before
(white) and after division (blue), large tick marks =10 pm.

(M1V)

Video S6 T cells in the lung during viral clearance. T
cells (green) are first seen in the lung on day 6 (left) and are found
primarily in association with eYFP* DC clusters (yellow). On day 8
(right) there appear to be more T cells in the lung and these cells
spend less time in close association with eYFP*-DCs. Tracks
=6 min of preceding T cell movement, Video durations = 15:49
(min:sec), and large tick marks =20 pm.

(M1V)

Video 87 T cells in lymph node during viral clearance.
In the lymph node on day 6 (left) fewer T cells are visible relative
to day 3, and these remaining cells are highly motile. In the lymph
node on day 8 (right) an occasional T cell division was captured by
two photon imaging on day 8 (circled cell), but not on day 6.
Tracks =6 min of preceding T' cell movement, Video durations
=25:07 (min:sec), and large tick marks =20 pm.

(M1V)

Video S8 T cells in the lung after viral clearance. On day
10 (left) and day 14 (right) in the lung tissue T' cells (green) are
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highly motile along collagen fibers (blue) and eYFP* DCs (yellow)
were evenly distributed at the surface of the lung. On Day 14
fewer T cells were visible at the surface of the lung. Tracks
represent 6 min of preceding T cell movement, Video durations
=24:07 (min:sec), large tick marks =20 pum, white.

(M1V)

Video 89 T cell and DC behavior in the deep lung after
viral clearance. On day 10 in the deep lung alveolar spaces,
outlined by collagen were often sampled by motile T cells and
motile eYFP* DCs (yellow). In this video, (~100 pm below the
surface) the alveolar space (outlined in white) also contains a
macrophage-like cell that occasionally extends a processes, Video
duration =47:01 (min:sec). A thick slice preparation of a whole
lung lobe was used for imaging.

(MLV)

Video S10 T cell and DC behavior in lymph node after
viral clearance. In the lymph node on day 10 (left) T cells
(green) are smaller and interact less with local eYFP DCis (yellow).
By day 14 (right) fewer T cells are visible relative to days 3—10 and
motility had slowed significantly. Tracks represent 6 min of
preceding T cell movement, Video durations =18:54 (min:sec),
large tick marks =20 pm.

M1V)

Video S11 AAL-R treatment: day 6 in lung. AAL-R
treatment at the time of infection led to fewer eYFP* DC clusters
(yellow) at the surface of the lung on day 6 (none were visible on
day 3). The few visible clusters were typically less dense than those
found in untreated lung tissue. T cell (green-blue) motility is
slightly higher and after AAL-R treatment and T-DC contacts are
shorter. Tracks represent 6 min of preceding T cell movement,
Video durations =27:18 (min:sec), large tick marks =20 um.

(M1V)
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