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Abstract

Neutrophils and monocytes/macrophages (MMs) play important roles in the development of
cell-mediated delayed type hypersensitivity (DTH). However, the dynamics of neutrophils and
MMs during the DTH reaction and how the immunosuppressant rapamycin modulates their be-
havior in vivo are rarely reported. Here, we take advantage of multi-scale optical imaging techniques
and a footpad DTH reaction model to non-invasively investigate the dynamic behavior and
properties of immune cells from the whole field of the footpad to the cellular level. During the
classic elicitation phase of the DTH reaction, both neutrophils and MMs obviously accumulated at
inflammatory foci at 24 h post-challenge. Rapamycin treatment resulted in advanced neutrophil
recruitment and vascular hyperpermeability at an early stage (4 h), the reduced accumulation of
neutrophils (> 50% inhibition ratio) at 48 h, and the delayed involvement of MMs in inflammatory
foci. The motility parameters of immune cells in the rapamycin-treated reaction at 4 h
post-challenge displayed similar mean velocities, arrest durations, mean displacements, and con-
finements as the classic DTH reaction at 24 h. These results indicate that rapamycin treatment
shortened the initial preparation stage of the DTH reaction and attenuated its intensity, which may
be due to the involvement of T helper type 2 cells or regulatory T cells.

Key words: Delayed type hypersensitivity, fluorescent imaging, motility, rapamycin, neutrophils,
monocyte/macrophage.

Introduction

Delayed type hypersensitivity (DTH), which is a
cell-mediated immune response, is a double-edged
sword that is required for host defense against etio-
logic agents but can also lead to pathologic responses
and tissue damage. DTH is involved in antitumor
immunity [1] and many types of clinical pathology,
including graft rejection [2], mycobacterium tubercu-
losis infection [3], contact dermatitis [4], rheumatoid
arthritis [5], and Crohn’s disease [6]. DTH can occur in
any tissue following an interaction of either T helper

type 1 (Th1) or T helper type 2 (Th2) cells with effector
leukocytes. DTH consists of a sensitization phase fol-
lowed by an elicitation phase, which is induced by
antigen challenge in the sensitized individual and
results in local inflammation. In addition to the key
role of T cells, recent studies of different DTH models
have shown that innate immune cells, including neu-
trophils and monocytes/macrophages (MMs), play
important roles in the development of the DTH reac-
tion.
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Rapamycin is usually used as an immunosup-
pressant drug to prevent graft rejection in organ
transplantation and in clinical therapy. In addition to
its immunosuppressive effects on T lymphocytes,
emerging studies show that rapamycin shapes the
function of innate immune cells [7, 8]. Some studies
have demonstrated that rapamycin can inhibit phag-
ocytosis and chemotaxis of macrophages [9] and po-
tently suppresses the polarity and chemotaxis of neu-
trophils [10, 11]. However, the regulatory mechanism
of rapamycin treatment reveals a high number of
paradoxical effects [8]. Investigating the regulation
role of rapamycin on the effector leukocytes in vivo is
of crucial importance to clarify this issue [2]. Im-
munohistochemistry and flow cytometry are the
conventional approaches for investigating the behav-
iors and functions of immunocytes. However, these
approaches only obtain static information from the
immune cells at a given time in different individuals.
It is difficult to represent the dynamic process of im-
munocytes and their function in microenvironments
in vivo in the same individual. Thus, dynamically in-
vestigating the motility behaviors of neutrophils and
MMs in vivo is useful for clarifying the immunosup-
pressant mechanism of rapamycin, which has not yet
been reported.

Over the last decade, optical imaging techniques
have become the main tools for intravital imaging
because of their advantage of high spatio-temporal
resolution and multi-channel parallel detection
[12-14]. Here, we used multi-scale optical imaging
approaches to investigate the dynamics of an oval-
bumin (OVA)-induced DTH reaction and the immu-
nosuppressive effect of rapamycin. The mouse foot-
pad, which is a classical model site of the DTH reac-
tion [15, 16], was the site chosen for long-term non-
invasive fluorescent imaging. The dynamics (e.g., re-
cruitment, distribution, migration) of neutrophils and
MMs, as well as the vascular permeability in the
footpad, were monitored during the elicitation phase
of the DTH reaction. The two polarized T helper sub-
sets, Th1 and Th2, were identified by their cytokines,
i.e, interferon y (IFN-y), interleukin 4 (IL-4), and
transforming growth factor beta (TGF-f). Our mul-
ti-scale optical imaging data revealed how rapamycin
treatment regulates the dynamics of neutrophils and
MMs in a DTH reaction in vivo.

Materials and methods
Mice

C57BL/6 mice expressing EGFP under the con-
trol of the endogenous Cxscrl locus, abbreviated as

CX3CR1-GFP mice [17], were purchased from Jackson
Laboratory (B6.129P-Cxscr1tmiLitt/], Stock No. 005582)

and reproduced in the specific pathogen-free (SPF)
animal facility of WNLO-HUST. Most of the
CX3CR1-GFP cells were monocytes (~90%) [17-20].
Neutrophils were obtained from ten-week-old
C57BL/ 6 mice, which were purchased from Shanghai
Slaccas Laboratory Animal Co., Ltd. (Hunan, China).
Mice were maintained under SPF conditions, and all
experiments were performed according to the animal
experiment guidelines of the Animal Experimentation
Ethics Committee of HUST.

Neutrophil purification and adoptive transfer

Neutrophils were purified by negative selection
from the bone marrow of ten-week-old C57BL/6 mice
using the MACS Neutrophil Isolation Kit and an au-
toMACS system (Miltenyi Biotec; Bergisch Gladbach,
Germany). DiR-BOA [21] is a near-infrared fluores-
cent dye that has an excitation peak at 748 nm and an
emission peak at 780 nm, which was gifted by Dr.
Gang Zheng at University of Toronto, Canada. For
whole-field fluorescent imaging, a total of 2 x 107
neutrophils labeled with DiR-BOA in 300 pl PBS were
injected into CX3CR1-GFP mice via the tail vein 30
min before aggregated OVA (AOVA) challenge in the
footpad [21]. For large-scale scanning microscopy and
time-lapse confocal imaging, neutrophils labeled with
eFluor670 dye (eBioscience, San Diego, CA, USA)
were injected into CX3CR1-GFP mice via the tail vein.

OVA-induced DTH reaction at footpad

AOVA was prepared by heating a 2% solution of
OVA in physiological (0.15 M) saline [22]. To induce a
DTH reaction, five- to six-week-old CX3CR1-GFP mice
were immunized with 50 pg OVA emulsified in 20 pl
complete Freund's adjuvant (CFA) by subcutaneous
injection on both sides of the tail base. Seven days
later, 30 pl 2% AOVA was subcutaneously injected
into the center of the right hind footpad, which was
surrounded with six skin bulges (Supplementary
Material: Fig. S1), and 30 pl PBS was injected into the
other hind footpad as a control. The thickness of the
footpad was measured with calipers at the indicated
time points (before antigen challenge and at 4, 24, 48,
and 72 h post-challenge). The increase percentage of
footpad thickness was calculated as follows: (%) =
(Thickness after AOVA challenge — Thickness before challenge) /
Thickness before challenge X 100%. For tissue section anal-
ysis, mice were euthanized at 48 h after AOVA chal-
lenge. The paws of mice were dissected and fixed in
10% formalin in PBS for H&E staining and analysis.

Rapamycin treatment

Rapamycin (Sigma, St. Louis, MO, USA) was
dissolved in DMSO and then suspended in 0.5% so-
dium carboxymethyl cellulose to prepare the solution
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at working concentrations of 0.3, 1, 3, and 10 mg/ml.
Aside from the 7t day, rapamycin was injected in-
traperitoneally once daily for nine days, beginning on
the day of OVA sensitization. At day 7, rapamycin
was administered three times: the 1st time was at 1 h
before antigen challenge, the 2nd time was immedi-
ately after antigen challenge, and the 3¢ time was at 3
h after antigen challenge [23, 24].

Whole-field fluorescent imaging

Footpads of mice were treated with depilatory
cream and exfoliating cream one day before AOVA
challenge. Mice were anesthetized intraperitoneally
with 0.2 mg ketamine/g body weight and 0.02 mg
xylazine/g body weight. A home-made whole-field
fluorescent imaging system [25-27] with a xenon lamp
and a cooled CCD (Coolsnap ES2, Photometrics,
Tucson, Arizona, U.S.A.) was used to image the re-
cruitment of neutrophils and MMs in the whole foot-
pad. The BP469/40 excitation filter and BP510/40
emission filter were used for imaging CX3CR1-GFP
MMs. The BP716/40 excitation filter and BP800/40
emission  filter =~ were used for imaging
DiR-BOA-labeled neutrophils. Image analysis and
processing were performed using the Image]J software
(http:/ /rsb.info.nih.gov/ij/). The fluorescence inten-
sity (FI) of neutrophils and MMs were obtained from
the ‘imaging area” (Supplementary Material: Fig. S1)
inside the six skin bulges at the footpad, which
avoided the noise signal interference from the skin
bulges. Inhibition ratio = (Flaova - Flaova+Rrapamycin)/
Flaova.

Intravital microscopy

For large-scale scanning microscopy in the foot-
pad, a Nikon A1l Ti laser scanning confocal micro-
scope (Nikon Co., Japan) with an inverted 20%/0.75
objective and 34.2 pm pinhole was used to detect the
GFP signal (488 nm laser, 500-550 nm emission) and
the eFluor 670 signal (638 nm laser, 650-700 nm emis-
sion). Large-scale images were a composite of 8 x 6
frames (645 x 645 pm/frame, 2.2 ps/pixel) with 15%
overlap. An Olympus FV1000 scanning confocal mi-
croscope (Olympus Optical Co., Ltd, Japan) with an
inverted 20x/0.75 objective and 200 pm pinhole was
used to acquire the time-lapse images by scanning 636
x 636 pm/frame (8 ps/pixel) without intervals. The
depth of the dermis was 22-50 pm (Supplementary
Material: Fig. S2), which was indicated by the second
harmonic generation (SHG) signal [28]. We chose an
imaging layer at a depth of 50 pm below the outer-
most epidermal layer to obtain a high density of im-
munocyte signals. Image analysis and processing
were performed using Image] software.

Data analysis of the distribution of neutrophils
and MMs in inflammatory foci during the DTH
reaction

Firstly, the ‘imaging area” inside the region of the
six skin bulges was draw out from the whole images,
as detected using large-scale scanning microscopy.
Secondly, the ‘imaging area’ (Supplementary Material,
left images of Fig. S3A and S3B) was divided into
2,200 sub-areas (50 x 50 pm/subareas, right images of
Fig. S3A and S3B). Next, the average fluorescence
intensity of each sub-area was obtained using the
Image] software, and the percentages of sub-areas at
different levels of average fluorescence intensity
(100/1evel) was presented using the Graphpad Prism
software (Supplementary Material: Fig. S3C). Finally,
a comprehensive analysis of sub-areas distribution
percentages of leukocytes at different time points was
performed, with sub-areas that had an average fluo-
rescence intensity equal to or greater than 300 were set
as the positive subareas. The inhibition ratio was cal-
culated as follows: (Subareasaova - Subar-
easAOVA+Rapamycin)/SubareaSAOVA.

Data analysis of the motility parameters of
neutrophils and MMs

The motility parameters of neutrophils in the
footpad of AOVA-challenged mice were extracted
from the time-lapse images and characterized as fol-
lows [29-31]: 1) Mean velocity (MV): Mean velocity of
a cell over several time steps (usually the entire im-
aging period), pm/min; 2) Arrest coefficient (AC): the
proportion of time for which an individual cell re-
mains arrested. The time during which each cell’s
instantaneous velocity is below 2 pm/min/total time;
3) Migration displacement (MD): Straight-line dis-
tance of a cell from its starting point after any given
time, pm; 4) Confinement ratio (CR): Displace-
ment/ path length for a given time interval (a measure
of cell directionality); and 5) Mean displacement plots
(MDP): Displacement (pm) vs. squared root time
(min'/2) shows a strong linear correlation indicative of
random cell migration; a curve upward represented
directed migration, while a transition from a linear
relationship to a plateau represented constrained mo-
tility. The motility parameters for the immunocytes
recorded using confocol microscope were analyzed
using the Image-Pro Plus software and the Image]
software.

Woater-soluble quantum dot (QD) and Evans
blue injection for verification of the vascular
hyperpermeability

CdSe QDs without any modification and func-
tional coating (Wuhan Jiayuan Quantum Dots Co.,
LTD., China) were used to synthesize the wa-
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ter-soluble QD according to previously reported
studies [32]. Water-soluble QD solution (10 mg/kg) in
300 pl PBS or Evans blue (100 mg/kg) [33] in 500 ul
PBS was intravenously injected at the indicated time
points 10 min before imaging acquisition.

ELISA analysis of cytokines

Blood was collected from the retro-orbital sinus
before AOVA challenge and at 4 and 24 h
post-challenge. All sera were collected and stored at
-80°C for ELISA analysis of the cytokines IFN-y, IL-4,
and TGF-p (Cytokine ELISA kits, Dakewe Biotech
CO., LTD., Beijing, China). All procedures were con-
ducted according to the manufacturer’s protocols.

Statistical analysis

Experimental data were expressed as the mean +
SEM. Histograms were presented using the Graphpad
Prism software. Two-way ANOVA analysis and
Bonferroni post-tests were used for statistical analysis
between the AOVA group and the AOVA + Rapamy-
cin group at the same time point, and one-way
ANOVA analysis and Bonferroni post-tests were used
for statistical analysis between the different time
points. The statistical analysis is described in each
figure legend. Significant differences between or
among groups were indicated by ns for
non-significant, * for P < 0.05, ** for P < 0.01, and ***
for P < 0.001, respectively.
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Results

AOVA-elicited DTH reaction and footpad
swelling attenuated by rapamycin treatment

In the mouse model of an AOVA-elicited DTH
reaction, footpad swelling occurred at 4 h
post-challenge, with 31.9 + 3.8% incrassation, reached
its maximum at 48 h, with 80.6 + 6.4% incrassation,
and then decreased to 52.8 £ 7.5% incrassation at 72 h
post-challenge (Figs. 1A and 1B). Rapamycin treat-
ment could readily inhibit the DTH reaction in a
dose-dependent manner (Fig. 1B). Compared to the
AOVA challenge alone at 48 h, which was the manxi-
mum footpad swelling time-point, a high dosage of 10
mg/kg rapamycin significantly inhibited footpad
edema, with only 34.7 £ 3.3% incrassation (P < 0.001, n
= 6). In addition, 3.0 mg/kg rapamycin treatment in-
hibited DTH, with 42.4 + 3.1% incrassation (P < 0.001,
n = 6), and a 1.0 mg/kg rapamycin treatment ap-
peared to weakly inhibit DTH, with 59.7 + 6.9% in-
crassation (P > 0.05, n = 6), but a low dose of rapamy-
cin (0.3 mg/kg) could not inhibit the footpad swelling
(P > 0.05, n = 6, Figs. 1A and 1B). Thus, a 10 mg/kg
dose of rapamycin was used in subsequent experi-
ments. Consistent with footpad incrassation, the his-
tological analysis of footpad tissues confirmed the
mass infiltration of inflammatory cells and edema in
the epidermis and dermis at 48 h in the AOVA chal-
lenge group and a lesser infiltration of inflammatory
cells in rapamycin-treated mice (Supplementary Ma-
terial: Fig. S4).

Figure 1. AOVA-elicited footpad swelling and the
immunosuppressive effect of rapamycin. A) Photos
of footpad swelling at 48 h in CX;CRI-GFP mice.
Left: AOVA elicitation and PBS treatment; Middle:
AOVA elicitation combined with rapamycin treat-
ment; Right: PBS treatment as negative control. B)
Histogram of the degree of footpad swelling. Mean
values = SEM (The data were from 6 mice per
group). Two-way ANOVA and Bonferroni
post-tests were used for statistical analysis between
the AOVA group and the AOVA + Rapamycin group
at the same time point.

(3 0mg/kg Rapamycin
E8 0.3mg/kg Rapamycin
1mg/kg Rapamycin
&’ 3mg/kg Rapamycin
10mg/kg Rapamycin
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Whole-field fluorescent imaging for the
recruitment of neutrophils and MMs in the
AOVA-challenged footpad

It was previously reported that rapamycin in-
hibits the adherence and chemotaxis of MMs and
neutrophils in vitro [9, 10]. We speculated that the
significant inhibition of edema by rapamycin (10
mg/kg) during a DTH reaction occurred because of
the blocking the recruitment of neutrophils and MMs
at the antigen challenge site. To visualize the recruit-
ment of neutrophils and MMs in the
AOVA-challenged footpad and to evaluate the inhi-
bition efficiency of rapamycin, whole-field fluorescent
imaging for the same individual was performed at the
indicated time points [34]. As shown in Figure 2, the
footpad did not appear to have an obvious increase in
fluorescent signals at 4 h post-challenge. After 24 h,
the fluorescence intensity of DiR-BOA and GFP in the
footpad were remarkably increased (Figs. 2A and 2B),
indicating the involvement of neutrophils and MMs
during AOV A-elicited footpad swelling. Whole-field
imaging data showed that rapamycin readily inhib-
ited the recruitment of neutrophils and MMs, as the
inhibition ratios for neutrophils were 69.4% at 24 h (P
<0.001), 75.8% at 48 h (P < 0.001), and 77.2% at 72 h (P
< 0.001) (n =5, Fig. 2C), and the inhibition ratios for
MMs were 54.1% at 24 h (P < 0.05), 47.6% at48 h (P <
0.01), and 38.4% at 72 h (P < 0.01) (n = 6, Fig. 2D).
Notably, in the rapamycin-treated mice at 24 h after
AOVA challenge, the fluorescent signal of neutrophils
remained unchanged, but the inhibition ratio was
increased; however, the MM signal continued to rise,
and the inhibition ratio decreased. These data suggest
that neutrophils are mainly involved in the early stage
of an inflammation reaction and MMs play key roles
in the late stage.

Evaluating the effect of rapamycin on the
distribution of neutrophils and MMs in
inflammatory foci using large-scale scanning
microscopy

To observe the dynamic recruitment and distri-
bution of neutrophils and MMs and to evaluate the
inhibition efficiency of rapamycin in the antigen
challenge site at the cellular level, intravital
large-scale scanning microscopy was used to collect
the fluorescent signals in the dermis of the footpad.
The imaging area of the large-scale scanning micros-
copy was located inside the region of the six skin
bulges. For quantitatively describing the cell distribu-
tion, the whole ‘imaging area’” was divided into 2,200
sub-areas (50 x 50 pum/subarea) [35, 36]. The sub-areas
with an intensity above a particular average fluores-
cence intensity were considered the positive subareas,

indicating that the fluorescent-labeled neutrophils
and MMs were located there. Thus, the distribution of
neutrophils and MMs was plotted against the per-
centage of positive subareas based on the time elapsed
since AOVA challenge [36]. The inhibition ratio was
calculated as follows: (Subareasaova - Subar-
€aSAOVA+Rapamycin) / Subareasaova.

As shown in Figures 3A and 3B, at 4 h
post-challenge, few eFluor670-labeled neutrophils
and GFP-expressing CX3CR1* MMs appeared in both
the AOV A-injected footpad and the opposite footpad.
At 24 h post-challenge, both neutrophils and MMs
were obviously recruited and formed high-intensity
clusters at the site of AOVA injection with small areas
(31.2 £ 6.3% for neutrophils, 21.9 £ 3.6% for MMs, n =
6). The imaging data at 48 and 72 h showed that the
immunocytes expanded from the initial cluster area to
the vicinity and filled the whole region in the footpad
as the reaction progressed. The positive subareas of
neutrophils filled 45.9 + 4.9% of the region at 48 h and
48.4 £ 5.9% at 72 h (Fig. 3C), while the positive sub-
areas of MMs accounted for 48.7 + 5.1% of the region
at 48 h and 65.5 + 2.6% at 72 h (Fig. 3 D). Thus, this
result also indicates that the response of the neutro-
phils was earlier and more rapid than that of the MMs
during the DTH reaction.

Rapamycin treatment obviously attenuated the
AOVA-induced DTH reaction, with slight footpad
swelling (Fig. 1) and inhibited the recruitment of MMs
and neutrophils (Fig. 2). Using large-scale scanning
microscopy, we unexpectedly found that neutrophils
were recruited to the footpad early in rapamy-
cin-treated mice (Fig. 3B), and this recruitment was
not revealed by whole-field imaging. At 4 h
post-challenge, neutrophils appeared in 15.7 + 3.6% of
the total area in the footpad of rapamycin-treated
mice but only appeared in 2.2 + 0.2% of the area in the
footpad of the mice with a classic DTH reaction (Fig.
3C, P <0.01, n = 6, unpaired t test). Compared to the
DTH reaction group, rapamycin was successful at
inhibiting the subsequent recruitment of neutrophils,
as the positive subareas of neutrophils increased
slightly to 25.8 +3.7% at 24 h (P > 0.05, n = 6) and then
decreased to 22.5 £ 4.1% at 48 h (P < 0.01) and 22.6 =
4.5% at 72 h (P < 0.001). In contrast to the inhibitory
effect of rapamycin on neutrophils, rapamycin inhib-
ited the recruitment of MMs, with 5.9 + 2.3% of posi-
tive subareas at 24 h (P < 0.05, n =6), 24.5 + 4.8% at 48
h (P <0.001), and 35.6 + 7.2% at 72 h (P < 0.001) (Fig.
3D). In other words, the inhibitory effect of rapamycin
on the recruitment of neutrophils was not signifi-
cantly different compared to the DTH reaction group
at 24 h; this effect then increased to 50.9% at 48 h and
53.3% at 72 h, whereas its inhibition ratio on the re-
cruitment of MMs was decreased from 73.1% at 24 h
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to 49.6% at 48 h and 45.6% at 72 h (Figs. 3C and 3D).
These results further confirm that rapamycin induces
the early recruitment of neutrophils and delays the
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Figure 2. Whole-field fluorescent imaging for the recruitment of neutrophils and MMs in the footpad of AOVA-challenged mice. A-B) Representative
fluorescent images showed the accumulation intensity of neutrophils (A, red signals) and MMs (B, green signals) during the DTH reaction with or without
rapamycin treatment. C-D) Histogram of the average fluorescent intensity (Fl) of neutrophils (C) and MMs (D). Mean values + SEM (Data were pooled from
5 mice per group for neutrophils and 6 mice per group for MMs). Two-way ANOVA and Bonferroni post-tests were used for statistical analysis between
the AOVA group and the AOVA + Rapamycin group at the same time point.
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ANOVA and Bonferroni post-tests were used for statistical analysis between the AOVA group and the AOVA + Rapamycin group at the same time point.
Specially, an unpaired t test was used for statistical analysis between the AOVA group and the AOVA + Rapamycin group at 4 h.

Time-lapse confocal imaging of the migration
of neutrophils in antigen-challenged foci

To evaluate the motility of neutrophils in anti-
gen-challenged foci, the dynamics of immunocytes
were measured with time-lapse confocal imaging and
characterized by a series of parameters (Figs. 4A-4F).
The mean velocity (MV) of the immunocytes de-
creased from an initial 6.95 um/min at 4 h to 5.79
pum/min at 24 h, 4.89 um/min at 48 h, and 4.68
pm/min at 72 h (Fig 4B). In contrast, the arrest coeffi-
cient (AC) increased from 0.17 at 4 h to 0.23 at 24 h,
0.26 at 48 h and 0.30 at 72 h, indicating that the arrest
duration was extended (Fig. 4C). The migration dis-
placement (MD) of the cells decreased from4 h to 72 h
(Fig. 4D), and the confinement ratio (CR) gradually
decreased from 0.39 at4 h to 0.27 at 24 h, 0.08 at 48 h,
and 0.07 at 72 h, indicating that the limitation of cell

movement gradually increased (Fig. 4E). Mean dis-
placement plots (MDPs) were fitted with a straight
line at 4 h, 48 h, and 72 h, indicating random migra-
tion at these time points; the MDPs went upward at 24
h, indicating the chemotactic migration of neutrophils
(Fig. 4F). Thus, during the elicited phage of the DTH
reaction, the migration features of neutrophils
changed from rapid, random, and nonrestrictive mi-
gration at the early stage (4 h) to slower, restrictive,
and chemotactic migration at the middle stage (24 h),
and finally to slow and short mean displacement, se-
verely restricted, and random migration at the late
stage (48 h-72 h). Additionally, during the late stage,
the morphology of neutrophils was abnormal, and the
fluorescent dye leaked out from neutrophils, indicat-
ing the death of neutrophils after finishing their func-
tion.
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Figure 4. Time-lapse confocal imaging of the migration of neutrophils in the inflammatory foci of the DTH reaction and evaluation of the effect of
rapamycin. A) Snapshot from intravital time-lapse images, including the motion trajectory of the neutrophils. Scale bar = 50 ym. B-G) Motility parameters
of neutrophils in the DTH reaction with or without rapamycin treatment. Each circle represents a cell (Data were pooled from 4 mice per group). B) Mean
velocity (Um/min), C) Arrest coefficient, D) Mean displacement (um), E) Confinement ratio, F-G) Displacement (im) vs. Square root of time (min'?) for
neutrophils with (G) or without (F) rapamycin treatment (black line). Red line: reference line. One-way ANOVA and Bonferroni post-tests were used for

statistical analysis between the different time points.

The motility parameters of neutrophils were se-
verely changed by rapamycin treatment (Figs. 4A-4G).
Compared to the classic DTH reaction, at 4 h
post-challenge, neutrophils displayed decreased MV
(5.37 pm/min, P < 0.001, n = 4), increased arrest du-
ration (AC = 0.27, P < 0.001), more restricted (CR =
0.21, P < 0.001), and slight chemotactic migration (Fig.
4G). At 24 h post-challenge, the MV of neutrophils
was significantly decreased to 4.57 pm/min, and the
AC was increased to 0.31. Cell migration was more
restricted (CR = 0.19) and displayed random move-
ment, and from 48 h to 72 h, the MV of neutrophils
increased again from 4.68 pm/min at 48 h to 5.71
pm/min at 72 h. The arrest duration was reduced,
with an AC of 0.27 at 48 h and 0.22 at 72 h. Neutrophil
motility also had a shortened mean displacement,
increased restriction (the CRs at 48 h and 72 h were
0.11 and 0.10, respectively), and a random migration
pattern. These results indicate that rapamycin treat-
ment advanced the process of the DTH reaction at the
early stage, with a similar mean velocity and chemo-
taxis observed for the classic DTH reaction at 24 h and
the rapamycin-treated reaction at 4 h post-challenge
by AOVA (P > 0.05, n = 4, Fig 4B). At 24 h
post-challenge, neutrophils migration was restricted

in the rapamycin-treated reaction, which displayed a
similar MV (P > 0.05, Fig. 4B) and arrest duration (P >
0.05, Fig. 4C) to that of a 72 h DTH reaction, but their
MD and CR were significantly different (P < 0.001).
There was no visible leaked fluorescent dye from
neutrophils in the rapamycin-treated reaction, even at
72 h post-challenge. These data suggest that the re-
strictive migration of neutrophils at the late stage re-
sulted from environmental factors and was not due to
cell death.

Time-lapse confocal imaging of the migration
of MMs in the antigen-challenged foci

We also obtained time-lapse images of MMs and
extracted their motility parameters in the DTH reac-
tion with or without rapamycin treatment (Fig. 5A).
The MV of MMs was 7.47 um/min at 4 h and de-
creased to 6.12 pm/min at 24 h (Fig. 5B). The AC of
MMs was 0.17 at 4 h and then increased to 0.22 at 24 h
(Fig. 5C). The MV and arrest duration of MMs at 48 h
and 72 h were similar to those observed at 24 h. Dur-
ing the DTH reaction, the MD was gradually short-
ened (Fig. 5D), and the migration was more and more
restrictive, as represented by the decreasing slope of
MDP from 24 h to 72 h, especially displaying the con-
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fined migration at 72 h (Fig. 5F). Thus, the migration
of MMs in the DTH reaction was rapid, random, and
nonrestrictive at 4 h in the early stage and slower and
with an extended arrest duration in the middle- and
late stages; migration was confined at 72 h.
Rapamycin treatment altered the migration of
MMs in the AOV A-challenged reaction (Figs. 5A-5G).
Compared to the features observed in the DTH reac-
tion, the MV of MMs in the rapamycin treatment
groups was slowed to 5.83 pm/min (P < 0.001, n =4,
Fig. 5B) at 4 h and remained stable until 48 h; the AC
of the MMs from 4 h to 48 h was similar to that ob-
served in the DTH reaction group at 4 h (P > 0.05, Fig.
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5C). At 24 and 48 h post-challenge, the MMs dis-
played an increased mean displacement (Fig. 5D),
weakened restrictive movement (Fig. 5E), and re-
markably confined migration (Fig. 5G). The motility
of MMs in rapamycin-treated mice recovered at 72 h
with rapid, nonrestrictive, and random migration.
The data from the MMs also indicated that rapamycin
treatment advanced the DTH reaction at the early
stage, in which similar mean velocity and arrest du-
ration were observed between the classic DTH reac-
tion at 24 h and the rapamycin-treated reaction at 4 h
post-challenge.
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Figure 5. Time-lapse confocal imaging for the migration of MMs in the inflammatory foci of the DTH reaction and evaluation of the effect of rapamycin. A)
Snapshot from intravital time-lapse images, including the motion trajectory of the MMs. Scale bar = 50 ym. B-G) Motility parameters of MMs in the DTH
reaction with or without rapamycin treatment. Each circle represents a cell (Data were pooled from 4 mice per group). B) Mean velocity (um/min), C)
Arrest coefficient, D) Mean displacement (um), E) Confinement ratio, F-G) Displacement (im) vs. Square root of time (min'?) for MMs with (G) or without
(F) rapamycin treatment (black line). Red line: reference line. One-way ANOVA and Bonferroni post-tests were used for statistical analysis between the

different time points.

Verification of the vascular hyperpermeability
in the AOVA challenge foci

Increased capillary permeability is an important
event in the inflammatory response and may play an
important role in leucocytes extravasations. To eval-
uate the modulation of the hyperpermeability of
blood vessels during the DTH reaction by rapamycin
treatment, water-soluble QDs (~20 nm) were injected
via the tail vein 10 min before performing vasculature

microscopy. The hair follicle was present in the im-
aging regions and displayed a strong autofluorescent
signal. To quantify the permeability of the blood ves-
sels, we used the ratio of the total fluorescence inten-
sity of the QD [37] to the visible total length of the
blood vessel in the imaging region, denoted as Rey/Lv,
in which the autofluorescent signal from the hair fol-
licle was subtracted. RriyLv was used to indirectly re-
flect the diameter change of the blood vessels. As
shown in Figure 6A, the QD signal was weak before
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the AOVA challenge. In the DTH reaction mice 4 h
after antigen injection, the value of Rry/Lvan was in-
creased 3.3-fold compared with Rei/rv.on (P < 0.05, n =
3, Fig. 6B), but extravasation was not evident (Fig. 6A),
indicating that the blood vessel swelled but was not
permeable. At 24 h, a strong QD signal was observed
in the blood vessel, displaying obvious extravasation;
consistent with this, the value of Rri/Lv.2an increased by
7.4-fold compared with Rey/Lv.on (P < 0.001). At 48 and
72 h, the QD signal in the blood vessel was decreased,
with Rry/rvash and Reryivzon at 71.8% (P < 0.05) and
60.3% of Rryrvoem (P < 0.001). In rapamycin-treated
mice 4 h after antigen injection, we observed QD
leakage from the blood vessel, and the value of
Rr1/Lv-an was 1.5-fold higher than the Rri/Lv.an value for
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AOVA (P <0.05). The permeability of the blood vessel
gradually recovered from 24 h to 72 h. To confirm this
phenomenon, a traditional dye of Evans blue (100
mg/kg) was used to evaluate the permeability of the
blood vessel [33]. Consistent with the QD-based vas-
cular microscopy, the whole footpad appeared blue,
thus indicating the occurrence of vascular hyperper-
meability at 24 and 48 h post-challenge in DTH reac-
tion mice and at 4 h post-challenge in rapamy-
cin-treated mice (Fig. 6C). Thus, rapamycin treatment
modulated the time of vascular hyperpermeability in
the DTH reaction. This finding further confirms our
viewpoint that rapamycin treatment shortens the
DTH reaction process.

AOVA

AOVA + Rapamycin

Figure 6. Verification of the vascular hyperpermeability in the inflammatory foci of the DTH reaction with or without rapamycin treatment. A) Repre-
sentative intravital snapshot of blood vessels (red) after water-soluble QD injection. Scale bar = 50 pm. B) The histogram of RFI/LV. Mean values £ SEM
(Data were pooled from 3 mice per group). Two-way ANOVA and Bonferroni post-tests were used for statistical analysis between the AOVA group and
the AOVA + Rapamycin group, and one-way ANOVA and Bonferroni post-tests were used for statistical analysis between the different time points (0, 4,
24, 48, and 72 h). C) Evaluation of the blood vessel permeability by the i.v. injection of Evans Blue.
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Figure 7. ELISA analysis of IFN-y, IL-4 and TGF-( levels in the blood serum from the DTH reaction mice before and after 4 and 24 h of AOVA challenge
with or without rapamycin treatment. Mean values + SEM (Data were pooled from 4 mice per group). Two-way ANOVA and Bonferroni post-tests were
used for statistical analysis between the AOVA group and the AOVA + Rapamycin group, and one-way ANOVA and Bonferroni post-tests were used for

statistical analysis between the different time points (0, 4, and 24 h).

Measurement of cytokines to determine the
effect of rapamycin on T cell polarization in
the DTH reaction

The concentrations of IFN-y, IL-4 and TGF- in
the serum were measured before and after 4 h and 24
h of AOVA challenge (Figs. 7A-7C). The DTH reaction
was polarized in a Th1 response [38], as illustrated by
the gradual up-regulation of the IFN-y level (56.4 + 8.2
pg/mlat O h, 98.6 £ 4.8 pg/ml at 4 h, and 99.6 + 11.0
pg/ml at 24 h) and the gradual down-regulation of
IL-4 (493 £75 pg/mlat0h, 391 +34 pg/mlat4h,
and 28.8 £ 4.3 pg/ml at 24 h) and TGF-3 levels (39.6 +
71pg/mlat0h,32.8+51pg/mlat4h,and 10.5+1.1
pg/ml at 24 h). We found that the expression of all
three types of cytokines was significantly increased in
rapamycin-treated mice, in which the initial concen-
trations of IFN-y and IL-4 were 3.2- and 7.3-fold
higher (P < 0.001, n = 4), respectively, than those ob-
served in the classic DTH reaction mice before AOVA
challenge. However, the initial concentration of
TGF-B in rapamycin-treated mice was not signifi-
cantly different from the DTH reaction mice before
the AOVA challenge. At 4 h post-challenge, all three
cytokines were increased. In particular, IFN-y (630.9 +
63.8 pg/ml) was increased 3.5-fold (P < 0.001) over its
initial concentration in rapamycin-treated mice and
6.4-fold (P < 0.001) over its level in DTH reaction mice
at 4 h. At 24 h post-challenge, IFN-y (106.4 + 22.0
pg/ml) was sharply down-regulated with 83% at-
tenuation, thus displaying a similar concentration
between rapamycin-treated and DTH reaction mice.
Meanwhile, IL-4 remained at a high level of expres-
sion from 4 to 24 h, displaying a 1.5-fold (P < 0.001)
increase compared to its initial concentration in ra-
pamycin-treated mice and a 14.2-fold (P < 0.001) in-
crease compared to the level observed in DTH reac-
tion mice at 4 h. The concentration of TGF-f contin-

ued to increase from 28.1 £ 2.2 pg/ml at 0 h to 46.9 +
5.6 pg/ml at 4 h and 69.0 £ 10.1 pg/ml at 24 h (P <
0.001) after AVOA challenge in rapamycin-treated
mice. These results suggest that the inhibition of the
DTH reaction by rapamycin is correlated with the
involvement of Th2 cells and regulatory T cells, which
are critical for the up-regulation of IL-4 and TGF-p
and the down-regulation of IFN-y [39]. We also pre-
sumed that an extremely high expression level of
IFN-vy at 4 h in rapamycin-treated mice was correlated
with the polarization of the T cells in the microenvi-
ronment of the DTH reaction [40-42].

Discussion

Intravital imaging approaches promote the dy-
namic investigation of cellular behaviors in the true
microenvironment and in the same individual over a
long time period [12, 43]. In this study, we used mul-
ti-scale optical imaging approaches to visually inves-
tigate and quantitatively describe how, when and
where neutrophils and MMs became major effector
cells in the elicitation phage of the DTH reaction. The
footpad is an ideal location to study innate immune
cell trafficking during the Thl polarized immune re-
sponse [15, 44, 45] and is a convenient place to per-
form the non-invasive intravital microscopy. Thus, we
use the footpad DTH reaction model to investigate the
effect of an immunosuppressant on innate immune
cells in vivo.

To evaluate the spatio-temporal dynamic of the
immune response from the whole field of footpad to
the cellular level, the multi-scale optical imaging ap-
proaches that we used included whole-field fluores-
cent imaging, large-scale scanning microscopy, and
time-lapse confocal imaging. The recruitment of leu-
cocytes could be directly visualized using whole-field
fluorescent imaging at the organ and tissue levels. The
dynamic distribution of the leukocytes was directly
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visualized using large-scale scanning microscopy at
the single-cell level. The motility and migration dy-
namics of leukocytes were visualized in real time and
analyzed using time-lapse confocal imaging at the
single-cell level with high temporal resolution. At 4 h
(the early stage of the DTH reaction), the accumula-
tion intensities of both neutrophils and MMs were
low, and the distribution areas were smaller, which is
consistent with the findings of previous studies using
flow cytometry or immunohistochemistry [22, 46].
The leukocytes underwent random migration, with
high migration velocity, a low arrest coefficient, and
large mean displacement. We speculated that the cells
in the early stage were busy modifying the local mi-
croenvironment to prepare for the delayed intense
reaction, and this process is critical for initiating a full
DTH response [46]. The OV A-elicited DTH reaction is
characterized as a Thl cell immune response with
apparent edema from 24 h to 72 h [38]. In our
AOVA-elicited DTH reaction in the footpad, obvious
tissue swelling appeared at 24 h, reached a peak at 48
h, and was maintained until 72 h. Along with severe
tissue edema, abundant neutrophils and MMs accu-
mulated in the antigen injection region at 24 h, which
was mediated through the Thl cell response via the
increased IFN-y level and the decreased IL-4 and
TGF- levels. Moreover, we verified that the local
implantation of E. coli efficiently induced the recruit-
ment of neutrophils and MMs but that rapamycin
failed to inhibit the footpad swelling and the innate
leukocytes recruitment (data not shown). Thus, ra-
pamycin mainly affected the T cell response, thereby
indirectly modulating the motility of the innate leu-
kocytes in the AOV A-elicited DTH reaction. Increased
capillary permeability is an important event in the
inflammatory response and may play an important
role in leukocyte extravasation. Our data showed that
the accumulation of neutrophils and MMs in the
AOVA-challenged footpad was proportional to the
permeability of the blood vessels, indicating that
neutrophils and MMs extravasated from the permea-
bilized blood vessels into the inflammatory foci.
Neutrophils typically function to scavenge antigen
[47] and to recruit effector lymphocytes and mononu-
clears [46, 48]. MMs also function to phagocytose [47],
interact with T cells for antigen presentation [38], and
regulate neutrophil extravasation [49]. Thus, the re-
duced mean velocity and increased arrest coefficient
of the neutrophils and MMs from 24 h to 72 h are not
surprising. In particular, at 72 h, the footpad dis-
played attenuated swelling and weakened vascular
hyperpermeability, thus indicating that the DTH re-
sponse faded. At this time point, the neutrophils
slowed down, displayed a damaged morphology, and
leaked dye, indicating that the neutrophils performed

their function and died [50]. The MMs also slowed
down, but their accumulation intensity and area
greatly increased, indicating that the MMs were func-
tioning to clear the neutrophils and repair the tissue
[51].

By targeting the mTOR signal pathway, ra-
pamycin has been reported to inhibit macrophage
adherence, chemotaxis and phagocytosis by inhibiting
ROCK-1 synthesis in macrophages [9]. It also potently
suppresses neutrophil polarity and chemotaxis via
IL-8 in angioplasty inflammation [11] or by cAMP [10]
and plays an important role in promoting regulatory
T cells for immunological tolerance [39]. Our data
showed that rapamycin extensively modulated the
recruitment behaviors of neutrophils and MMs as
well as vascular hyperpermeability and cytokine lev-
els. At 4 h, rapamycin advanced the accumulation of
neutrophils in the AOVA-challenged footpads. The
MMs and neutrophils displayed a decreased mean
migration speed and increased arrest duration, which
were similar to those observed in the DTH reaction at
24 h, together with increased vascular permeability
and cytokine expression levels (e.g., IFN-y, IL-4 and
TGF-p), suggesting that rapamycin treatment short-
ened the initial preparatory stage of the DTH reaction
and resulted in the attenuation of the intense DTH
reaction. We presume that rapamycin treatment me-
diated the extremely high level of IFN-y at 4 h
post-challenge and might play a key role in the po-
larization of T cells, as IFN-y not only induces the
DTH response but may also be required for the in-
volvement of Th2 cells [40-42]. At 24 h, rapamycin
treatment resulted in reduced accumulation intensity,
a small distribution area, and slowed motility of neu-
trophils and MMs and helped recover the integrity of
the vascular walls, which was related to the continu-
ously high levels of IL-4 and TGF-p in the blood se-
rum.

In addition to the dynamic investigation of the
behaviors of neutrophils and MMs in the DTH reac-
tion, further studies on the roles of T cells in the DTH
reaction, including their location, activation, prolifer-
ation, and cell-cell contact, could be explored using
these multi-scale optical imaging approaches.

Conclusions

Using multi-scale optical imaging approaches,
we directly visualized the dynamic modulatory ef-
fects of the immunosuppressant rapamycin on the
behavior and functions of immune cells in vivo. Our
intravital imaging data revealed that neutrophils re-
spond earlier and faster than MMs and that these
neutrophils are primarily involved in the early stage
of the DTH reaction, while MMs play key roles in the
late stage. Rapamycin treatment shortened the dura-
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tion of the elicitation phase and attenuated the motil-
ity of neutrophils and MMs, resulting in a reduction
in the number of accumulated neutrophils in inflam-
matory foci and diminished footpad swelling. Based
on the cytokines profile, we speculate that the im-
munosuppressive mechanism of rapamycin is corre-
lated with the involvement of regulatory T cells and
the polarization of T cells to a Th2-type cell response.
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