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Abstract

Objectives: Cell death in lymphatic organs, such as the spleen, is in part responsible for
immunosuppression and contributes to mortality during sepsis. An early and noninvasive detection
of lymphoid cell death could thus have significant clinical implications. Here, we tested in vivo
imaging of lymphoid cell death using a near-infrared annexin V (AV-750).

Design: Animal study.
Setting: Laboratory investigation.
Subjects: C57BL/6J wild-type and toll-like receptor 3 knockout mice.

Interventions: Mild and severe polymicrobial sepsis was induced with cecum ligation and
puncture. Serum cytokines and acute kidney injury markers were tested by immunoassay and
quantitative reverse transcription-polymerase chain reaction, respectively. Sepsis-induced
lymphoid cell death was detected by fluorescent AV-750 accumulation in the thorax and abdomen
(in vivo), in isolated organs (ex vivo), and in isolated cells (flow cytometry). Caspase-3 cleavage/
activity and terminal deoxynucleotidyl transferase dUTP nick-end labeling staining were tested for
apoptosis.

Measurements and Main Results: Severe sepsis induced marked apoptosis in the thymus,
spleen, and liver as demonstrated by cleaved caspase-3 and an increase in caspase-3 activity and
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terminal deoxynucleotidyl transferase dUTP nick-end labeling—positive cells. A significant
increase in fluorescent AV-750 signal was seen in the thoracic and upper abdominal fields and
associated with the severity of sepsis. The in vivo thoracic and abdominal AV-750 fluorescent
signal was attributed to the thymus, liver, and spleen as determined by ex vivo imaging and highly
correlated with the levels of cell death in thymocytes and splenocytes, respectively, as measured by
flow cytometry. Compared with wild-type septic mice, toll-like receptor 3 septic mice had
attenuated abdominal AV-750 fluorescent signal, reduced ex vivo fluorescence in the spleen, and
decreased splenocyte cell death.

Conclusions: In vivo AV-750 fluorescent imaging provides spatially resolved and organ-specific
detection of lymphoid cell death during polymicrobial sepsis. The AV-750 fluorescent intensity in
the thoracic and abdominal fields is associated with sepsis severity and well correlated with sepsis-
induced cell death in the thymus and spleen, respectively. (Crit Care Med 2015; 43:2303-2312)
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Sepsis is the 10th leading cause of death (1). In the United States, sepsis develops in 750,000
people annually, and more than 210,000 of these patients do not survive (2). Unfortunately,
specific and effective strategies for sepsis management are currently unavailable, and the
mortality from sepsis thus remains unacceptably high. Initial sepsis therapy aims to attenuate
hyperinflammation in the early stage with poor outcomes (3-5). Recent studies have
implicated the pivotal role of immune cell death in the immunosuppression and pathogenesis
of sepsis (6, 7). Therefore, developing a diagnostic tool to detect and quantify cell death
early in vivo during sepsis has a potential clinical implication.

Hotchkiss et al (8) have documented a marked decrease in the levels of B cells, CD4 T cells,
and follicular dendritic cells in patients with severe sepsis. Autopsy studies in patients who
had died of sepsis disclosed a severe loss of cells of the adaptive immune system.
Lymphocyte apoptosis most often occurs in lymphoid tissues, such as the spleen and thymus
(9). In a prospective study (7), investigators found that more than 50% of septic patients had
a significant number of apoptotic lymphocytes in the spleens and more than 10-20% splenic
cells were apoptotic, whereas there was minimal splenic cell death in patients who died of
nonseptic critical illness. In a bowel perforation model of sepsis, a significant number of
apoptotic cells were seen in the liver and spleen (10, 11). Thus, blocking lymphocyte cell
death, improving immunological competence, and strengthening the immune function of
septic patients may represent an attractive strategy for the management of a subset of septic
patients (12, 13).

Among different types of cell death, apoptosis and necrosis are the most commonly
described. The central component of apoptosis is a proteolytic system involving a family of
proteases called “caspases.” The significance of cellular apoptosis in the pathogenesis of
sepsis is demonstrated by the fact that caspase inhibition markedly improves survival of
septic animals (14, 15). One of the early events of apoptosis includes translocation of
membrane phosphatidylserine from the inner side of the plasma membrane to the cell
surface (16-18). Phosphatidylserine translocation precedes the loss of membrane integrity,
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which accompanies the later stages of cell death resulting in either apoptotic or necrotic
processes. Annexin V, a Ca*-dependent phospholipid-binding protein, has a high affinity
for phosphatidylserine (19) and retains its high affinity for phosphatidylserine when
conjugated with fluorochromes (18, 19). Importantly, annexin V appears to detect apoptosis-
associated membrane changes on live cells before the nuclear condensation events that occur
during this process (18). Under necrotic conditions, however, annexin V penetrates through
the damaged plasma membrane and binds to the inner leaflet phosphatidylserine. Therefore,
annexin V can serve as a sensitive probe to detect cell death.

This study was designed to test the utility of detecting lymphoid cell death in vivo
noninvasively using fluorescence-labeled annexin V (AV-750) in a mouse model of
polymicrobial sepsis. Specifically, we tested the ability of AV-750 to assess the severity of
sepsis and the sepsis-induced lymphoid cell death in the thymus and spleen. We further
investigated the ability of annexin V in vivo imaging to determine the protective effect of
toll-like receptor 3 (TLR3) deficiency against sepsis-induced lymphoid cell death.

METHODS

Animals

Eight- to 12-week-old gender- and age-matched mice were used for the studies. C57BL/6J
wild-type (WT) and TLR3~~ mice were purchased from the Jackson Laboratories and
housed in a Massachusetts General Hospital (MGH) animal facility for at least 1 week
before experiments. All animals were housed in pathogen-free, temperature-controlled, and
air-conditioned facilities with light/dark cycles (12 hr/12 hr) and fed with the same bacteria-
free diet. All animal care and procedures were performed according to the protocols
approved by the Subcommittee on Research Animal Care of MGH and are in compliance
with the “Guide for the Care and Use of Laboratory Animals” published by the National
Institutes of Health.

Mouse Model of Polymicrobial Sepsis

Mortality

A clinically relevant rodent model of sepsis was created by cecum ligation and puncture
(CLP) as has been described previously (20-22). In brief, mice were anesthetized with
ketamine (100 mg/kg) and xylazine (4 mg/kg). The abdominal cavity was opened in layers.
The cecum was ligated 1.0 cm from the tip and punctured through to through with a 27- or
18-gauge needle to generate a mild or severe model of polymicrobial sepsis. A small amount
of fecal materials was squeezed out gently before the ligated cecum was returned to the
abdominal cavity. The sham-operated mice underwent laparotomy but without CLP. After
surgery, prewarmed normal saline (0.05 mL/g body weight) was administered
subcutaneously. Postoperative pain control was managed with subcutaneous injection of
bupivacaine (3 mg/kg) and buprenorphine (0.1 mg/kg).

WT mice subjected to sham or CLP procedures were observed every 6 hours during the first
2 days and every 12 hours thereafter for up to 168 hours.
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Cell Death Imaging With Annexin V

Image Acquisition.—Fluorescence reflectance imaging (FRI) of apoptosis was performed
using a commercially available near-infrared (NIR) fluorescent annexin V (Annexin-Vivo
750 = AV-750, Perkin Elmer, Waltham, MA), suitable for in vivo imaging. The light at the
wavelength needed to excite and visualize the signal can penetrate 4-5 cm into tissue, and
thus, it is able to image cell death in vivo in the mouse model. Mice were injected via the tail
vein with 100 pL of AV-750 as per manufacturer’s instruction 20 hours after surgery. Four
hours later, mice were anesthetized with ketamine (100 mg/kg, IP) and had hair removed
from the chest and abdomen. For AV-750 imaging, anesthetized mice were placed in a
supine position on a heated stage in the IVIS Spectrum imager (Perkin Elmer). FRI images
for AV-750 were acquired with 745-nm excitation and 800-nm emission filter settings on an
IVIS Spectrum system (Perkin Elmer). After imaging, mice were euthanized and the
thymus, spleen, liver, blood, and heart were harvested and immediately imaged ex vivo with
the same filter settings.

Image Analysis.—AV-750 signal was quantified by measuring the signal intensity within
a defined region of interest (ROI) described below. For in vivo imaging, three ROIs were
applied to each mouse: 1) an ROI of at least 54.4 mm?2 was placed over the thorax, 2) an ROI
greater than 475.5 mm?2 was placed over the abdomen, and 3) an ROl was placed over the
bladder. For ex vivo imaging, an ROl was defined by manually tracing the edges of the
tissue. Mean fluorescence intensity was tabulated for each ROI and normalized to the sham-
operated animal to determine fold change. Image analysis was performed in Image J
(National Institutes of Health, Bethesda, MD).

Flow Cytometry

After ex vivo imaging, the thymus and spleen were gently ground, and thymocytes and
splenocytes filtered through a 70-pum cell strainer with phosphate-buffered saline (PBS).
Residual RBCs in the suspension were lysed by RBC lysis buffer containing ammonium
chloride (eBioscience, San Diego, CA) followed by washing in PBS. Cells (5 x 10°) were
suspended in annexin V-binding buffer (BD Biosciences, San Jose, CA) and labeled with
fluorescein-labeled annexin V (BD Biosciences) and propidium iodide (PI) (Roche
Diagnostics, Indianapolis, IN). Identification of apoptotic or necrotic cells was performed
with flow cytometry.

Caspase-3 Activity

Twelve hours after surgery, the thymus, spleen, and liver were harvested and immediately
frozen in liquid nitrogen. Tissue powder was suspended in ice-cold lysis buffer provided by
a caspase-3 fluorescence assay kit (R&D Systems, Minneapolis, MN). The same amount of
protein was assayed for caspase-3 activity as described previously (23).

Terminal Deoxynucleotidyl Transferase dUTP NickEnd Labeling Assay

Twenty-four hours after surgery, the liver, spleen, and thymus were harvested and fixed with
4% formaldehyde overnight and embedded in paraffin. Tissue sections were rehydrated via a
graded ethanol series: 95%, 90%, 80%, and 70% ethanol sequentially. Terminal
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deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) staining was performed
following the manufacturer’s instructions with In Situ Cell Death Detection Kit (Roche
Diagnostics).

Western Blot

Animal were euthanized, and organs quickly frozen in liquid nitrogen. Tissue powders were
suspended in NP-40 lysis buffer supplemented with complete protease inhibitor cocktails
(Roche Diagnostics) and incubated at 4°C for 45 minutes with vortex every 15 minutes.
Tissue lysates were then centrifuged, and the supernatants were quantified for protein
concentration by Bradford method. Tissue proteins were fractionated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis under reducing conditions and blotted with rabbit
anti-mouse cleaved cas-pase-3 antibody (Cell Signaling, Danvers, MA). Horseradish
peroxidase (HRP)—conjugated anti-rabbit IgG (Cell signaling) was used as the secondary
antibody. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) protein was served as
protein loading control. Bands were visualized using Luminata Forte Western HRP substrate
(Millipore, Billerica, MA).

Quantitative Reverse Transcription-Polymerase Chain Reaction

RNA was extracted using TRIzol reagent, and complementary DNA was synthesized by
reverse-transcriptase reaction. Messenger RNA was quantified using quantitative reverse
transcription-polymerase chain reaction (PCR) as described previously (21). The following
PCR primers were used: mouse GAPDH: forward 5'-AACTTTGGCATTGTGGAAGG-3’,
reverse 5 -GGATGCAGGGATGATGTTCT-3"; mouse neutrophil gelatinase—associated
lipocalin (NGAL) (24): forward 5'-CTCAGAACTTGATCCCTGCC-3’, reverse 5'-
TCCTTGAG-GCCCAGAGACTT-3"; mouse kidney injury molecule-1 (KIM-1) (24):
forward 5'-CATTTAGGCCTCATACTGC-3’, reverse 5”-
ACAAGCAGAAGATGGGCATT-3’.

Multiplex Cytokine Immunoassays

Twenty-four hours after surgery, blood was collected through cardiac puncture. Sera were
prepared after 1,000g of centrifugation for 10 minutes at 4°C and stored at —80°C. Cytokine
concentrations were determined using a fluorescent bead—based multiplex immunoassay
(Luminex, Austin, TX) as previously described (20, 25). Briefly, antibody for each cytokine
was covalently immobilized to a set of fluorescent microspheres according to manufacturer’s
instruction (Millipore). After overnight incubation, cytokines bound on the surface of
microspheres were detected by a cocktail of biotinylated antibodies. Following binding of
streptavidin-phycoerythrin conjugates, the reporter fluorescent signal was measured using a
Luminex 200 reader (Luminex). Final cytokine concentrations were calculated based on a
standard cytokine curve obtained in each experiment.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 5 software (GraphPad Software,
La Jolla, CA). The distributions of the continuous variables were expressed as mean + SE.
The comparison among sham, mild, and severe sepsis was analyzed by one-way analysis of
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variance with Tukey post hoc test. The survival data were analyzed with a log-rank test.
Student #test was used for statistical analysis between groups of all other data. Of note,
these specific comparisons were made based on a priori hypotheses rather than pure statistic
considerations. The null hypothesis was rejected for p less than 0.05 with the two-tailed test.

Polymicrobial Sepsis Leads to Marked Cellular Apoptosis in the Liver, Spleen, and Thymus

As shown in Figure 1A, CLP was associated with a marked increase in cleaved caspase-3 in
the liver, spleen, and thymus of septic mice when compared with that of sham mice. Cas-
pase-3 activity was also increased by 3-, 4.6-, and 8.4-fold in the septic liver, spleen, and
thymus compared with those of sham organs (Fig. 1B), indicating significant apoptotic
activation in these septic organs at 24 hours after surgery. Consistently, there was a marked
increase in the TUNEL-positive cells in the septic liver, spleen, and thymus, further
confirming that substantial amounts of apoptosis were produced by sepsis in the mice (Fig.
1C).

Creating Two Mouse Models of Polymicrobial Sepsis

To explore the diagnostic value of annexin V in lymphoid cell death detection during sepsis,
we created two CLP models of sepsis at different levels of severity. Circulating cytokines,
such as interleukin (IL)-6, are known to contribute to septic mortality (26) and therefore
reflect sepsis severity (27). As shown in Figure 2, in mice with mild sepsis, circulating
cytokines, including IL-6, keratinocyte chemoattractant, and monocyte chemoattractant
protein-1, were modestly but significantly increased when compared with that of the sham
mice. In comparison, mice with severe sepsis exhibited significantly higher levels of these
cytokines (Fig. 2A). Kidney NGAL and KIM-1, two sensitive markers for acute kidney
injury (24, 28-30), were also significantly up-regulated in septic mice. The elevation of
these acute kidney injury markers was also associated with the severity level of sepsis with
the highest level of the biomarkers in mice with severe sepsis (Fig. 2B), indicating that the
degree of acute kidney injury was consistent with the overall severity of sepsis. Finally, the
mortality data validated the different levels of severity in the two models of sepsis. While no
mice died in the sham group, severe sepsis group had a mortality of 50% at 48 hours and
mild sepsis group had a mortality of 20% (Fig. 2C).

Annexin V Imaging of Cell Death During Sepsis

Twenty hours after sham or CLP surgery, AV-750 dye was administered 1V, and whole-body
fluorescent images were obtained 4 hours later. As shown in Figure 3, A and B, there was
significantly higher uptake of AV-750 fluorescence signal in both mild and severe septic
mice compared with the sham mice. Normalized AV-750 fluorescence signal in the thorax
increased significantly in the mild CLP mice compared with sham (1.20 £ 0.07; p< 0.05)
and further increased in the severe CLP mice (1.43 = 0.06; p < 0.0001 vs sham). The
increased fluorescent signal was attributed to the thymus (Fig. 3C) as the heart and blood
produced no signal increase compared with the sham mice (Supplemental Fig. 1 A-C,
Supplemental Digital Content 1, http://links.lww.com/CCM/B394), and the lung did not
generate any detectable fluorescent signal in the septic mice (Supplemental Fig. 1D,

Crit Care Med. Author manuscript; available in PMC 2019 December 03.


http://links.lww.com/CCM/B394

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zou et al.

Page 7

Supplemental Digital Content 1, http://links.lww.com/CCM/B394). In the upper abdominal
field, the increase in AV-750 signal was also observed in the mild (1.16 + 0.07) and severe
sepsis (1.34 £ 0.07; p< 0.001) groups (Fig. 3B). Interestingly, bladder signal in the CLP
mice decreased in both the mild (0.55 £ 0.12; p< 0.01) and the severe sepsis (0.66 + 0.10; p
< 0.01) groups.

To determine the organ accumulation of AV-750 in septic mice, we isolated thymus, spleen,
and liver for ex vivo fluorescent imaging. As shown in Figure 3C, there was an increase in
AV-750 signal in all three organs isolated from the septic mice compared with those of the
sham mice. The quantitative data suggest that AV-750 signal was significantly increased in
the spleen (mild, 1.56 + 0.21; severe, 3.35 + 0.52; p< 0.001 vs sham) and liver (mild, 1.07
+ 0.06; severe, 1.73 + 0.06; p < 0.0001 vs sham) of septic mice (Fig. 3D). Of note, in the
thymus, both mild and severe sepsis generated significantly higher AV-750 signal
independent of severity at 24 hours (Fig. 3, C and D), indicating that thymus was most
susceptible to sepsis-induced cell death.

Flow Cytometry Validation of AV-750 Imaging of Sepsis-Induced Apoptosis

To validate and quantify cell death in the septic organs, immediately after ex vivo AV-750
imaging, we isolated thymocytes and splenocytes from sham and CLP mice and tested them
for apoptotic and necrotic cell death with fluorescein isothiocyanate—labeled annexin V
(AX) and PI by flow cytometry. As illustrated in Figure 4A, three groups of cells were
identified by flow cytometry: 1) live cells (AX™ PI7), 2) early apoptotic cells (AX*PI7), and
3) late apoptotic and necrotic cells (AX*PI*). Sham mice had a basal level (14%) of cell
death in thymocytes (Fig. 4, A and B) and 10.5% in splenocytes (including all AX™ cells =
AX*PI~ and AX*PI*) (Fig. 4, C and D), most likely caused by the cell isolation process.
CLP induced a marked increase in AX* cell population with approximately 60% in the mild
group and 57% in the severe group in thymocytes (mild vs sham: 60% + 4.6% vs 14%

+ 1.4%, p<0.001; severe vs sham: 56.9% + 5.4% vs 14% * 1.4%, p< 0.001) (Fig. 4, A and
B), which was consistent with the ex vivo thymus AV-750 imaging in Figure 3, C and D. In
splenocytes (Fig. 4, C and D), the severe sepsis group led to more cell death than the mild
sepsis group with AX* population around 24% in severe and 18% in mild groups (severe vs
sham: 23.9% =+ 6.8% vs 10.5% + 1.1%, p < 0.05; mild vs sham: 18.1% + 3.4 % vs 10.5%

+ 1.1%) (Fig. 4, C and D). Importantly, these results were consistent with the AV-750 signal
in in vivo abdominal area (Fig. 3, A and B) and ex vivo spleen imaging (Fig. 3, C and D).
Furthermore, there appeared a significant correlation between the level of cell death as
measured by flow cytometry in isolated cells and the in vivo or ex vivo AV-750 imaging
(Fig. 4, E and F). Specifically, there was a good correlation between thoracic or thymus
AV-750 imaging and AX* thymocytes or between abdominal or spleen AV-750 imaging and
AX™ splenocytes (Fig. 4, E and F). These results indicate that AV-750 in vivo imaging
accurately detects cell death in these deep parenchymal organs during polymicrobial sepsis.
Finally, the peripheral lymphocyte and granulocyte numbers were markedly reduced in both
mild and severe septic models (Fig. 4G).
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TLR3 Deficiency Leads to Reduction in Cell Death in the Spleen During Polymicrobial

Sepsis

We next tested the effect of TLR3 deficiency on lymphoid cell death during sepsis using
AV-750 imaging. TLR3 is the sensor for double-stranded RNA and is well known for its role
in the host antiviral defense (31, 32). As indicated in Figure 5, A and B, there was a marked
increase in thoracic and abdominal AV-750 signals in WT CLP mice compared with WT
sham mice. Compared with WT-CLP mice, TLR3™~-CLP mice had a significant reduction
in the abdominal fluorescence (TLR3™~-CLP vs WT-CLP; p< 0.01), whereas no significant
difference was seen in the thoracic region. AV-750 imaging of the isolated thymus and
spleen revealed a marked increase in AV-750 signals in CLP animals compared with that of
the sham animals (Fig. 5, C and D). When imaged ex vivo, TLR3™/~ septic mice had
attenuated the AV-750 signal in the spleen but not in the thymus, compared with WT septic
mice (Fig. 5, C and D). Of note, both WT and TLR3~/~ sham mice had the same basal level
of AV-750 signaling in vivo and in vitro (data not shown). Similarly, flow cytometry analysis
showed similar results as the ex vivo AV-750 imaging. The basal level of cell death is similar
between WT and TLR3™/~ sham mice in both thymocytes and splenocytes. Thymocytes
from both WT and TLR3~/~ septic mice showed a similar level of increase in dead cell
population (AX*%) compared with that of the sham (Fig. 5, E and F). Splenocytes from WT
septic mice displayed a significant increase in apoptotic (AX*/PI7), necrotic (AX*/P1%), and
total dead cell (AX*%) population when compared with those of the sham. In comparison,
TLR3~~ septic mice had no significant increase in splenocyte cell death compared with
sham mice (Fig. 5, G and H). Finally, the spleen tissues isolated from TLR3~/~ mice had less
cleaved caspase-3 compared with that of WT after subjected to CLP, whereas the thymus
protein lysates showed a similar level as that of WT (Fig. 51), further suggesting that TLR3
deficiency attenuates cell death in the spleen induced by sepsis, similar to what ex vivo and
in vivo imaging had revealed.

DISCUSSION

In a mouse model of polymicrobial sepsis, we tested in vivo fluorescent imaging of cell
death in the thymus, spleen, and liver using NIR fluorochrome-labeled annexin V (AV-750).
We found that the in situ fluorescent intensity of the thoracic and abdominal regions was
markedly increased and dependent of sepsis severity. The increased fluorescent signal
appeared to be the results of AV-750 accumulation in the thymus, spleen, and liver,
respectively, as demonstrated by the ex vivo imaging of the isolated organs. The quantitative
flow cytometry analysis of thymocytes and splenocytes revealed a significant number of cell
death following sepsis, which was highly correlated with the in vivo fluorescent intensity of
the thoracic and abdominal regions and the ex vivo fluorescent intensity of the septic thymus
and spleen, respectively. Finally, we identified that systemic TLR3 deficiency attenuated cell
death in the spleen but not in the thymus, as demonstrated by in vivo AV-750 imaging, by
flow cytometry, and by cas-pase-3 cleavage when compared with WT mice during sepsis.

In order to test the utility of fluorescent AV-750 imaging to detect sepsis-induced cell death
in vivo, we employed the well-established CLP model of sepsis (20, 21, 25) and confirmed
the marked levels of apoptotic cell death in three main parenchymal organs, namely the liver,
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spleen, and thymus. We used three different but complementary assays to detect apoptosis in
these organs, including caspase-3 cleavage, caspase-3 activation, and TUNEL staining.
These tests clearly demonstrated the significant amount of apoptosis in the liver, spleen, and
thymus following sepsis.

We then tested the in vivo AV-750 imaging of the cell death in two mouse models of sepsis
with mild and severe severity as defined by the levels of systemic cytokines, the levels of
acute kidney injury biomarkers, and the overall mortality within 7 days. We found that the
AV-750 fluorescent intensity in both thoracic and abdominal regions was markedly increased
when compared with that of the sham animals and that the increase in the intensity was very
much dependent of the sepsis severity. In the thoracic region, both mild and severe sepsis
induced a significant increase in the annexin V fluorescence. The increased fluorescent
signal was largely attributed to the septic thymus as demonstrated by the ex vivo imaging of
the isolated thymus, where there was marked accumulation of annexin VV compared with that
of sham animals. The heart, the lung, and blood exhibited no significant fluorescent signal
(Supplemental Fig. 1, Supplemental Digital Content 1, http://links.lww.com/CCM/B394),
suggesting their minimal contribution to the thoracic fluorescent signal. Consistent with
these imaging data, the flow cytometry analysis of the thymocytes isolated from these same
animals revealed that there was a significant increase in the numbers of dying cells, both
apoptotic (AX*/P17) and necrotic (AX*/PI%) cells, in the thymus. Importantly, the intensity
of both thoracic and thymus AV-750 imaging was highly correlated with the total number of
thymocyte cell death as detected by flow cytometry. These data strongly suggest that sepsis,
even in its mild form, induces a significant amount of cell death in the thymus and that the in
vivo annexin V imaging is highly sensitive in detecting the dying thymocytes during sepsis.

In the abdominal region, we found that mice with severe sepsis exhibited a significant
increase in the AV-750 fluorescent signal. Consistently, ex vivo imaging confirmed the
enhanced AV-750 fluorescent signal in the liver and spleen of severe but not mild septic
mice. Flow cytometry analysis of splenocytes demonstrated significant cell death in severe
septic mice, which was well correlated with both abdominal and spleen fluorescent imaging
strengths. Taken together, these data suggest that during severe sepsis, the abdominal
imaging of AV-750 specifically detects the splenocyte cell death in vivo. Of importance, we
noticed reduced bladder AV-750 signal in septic mice when compared with that of sham
mice. This was most likely due to reduced urinary production caused by kidney
hypoperfusion and acute kidney injury (25), consistent with the up-regulation of NGAL and
KIM-1 (Fig. 2B). We further demonstrated the lack of AV-750 retention in the circulating
blood 4 hours after IV injection in both sham and septic animals (Supplemental Fig. 1, A
and C, Supplemental Digital Content 1, http:/links.lww.com/CCM/B394 ), confirming that
the enhanced AV-750 accumulation in the septic organs reflects increased lymphoid cell
death, rather than increased retention of circulating AV-750 in the septic mice.

Lymphoid cell death occurs in the severe sepsis model. However, we found that lymphoid
cell death also occurred in mild sepsis at 24 hours, suggesting significant lymphoid cell
death during the onset of polymicrobial sepsis. Consistent with this is the significant
lymphocytopenia in both mild and severe sepsis models. Drewry et al (13) reported a similar
finding in patients whose absolute lymphocyte counts decrease to the similar levels in
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survivors and nonsurvivors at the onset of sepsis and that nonsurvivors’ absolute lymphocyte
counts remain persistently low, whereas survivors experience lymphocyte recovery.
Persistent lymphocytopenia on the fourth day of sepsis predicts early and late mortality (13).
In our study, we were able to discriminate the mild and severe lymphoid cell death at 24
hours after CLP surgery by in vivo AV-750 imaging that was validated by ex vivo imaging,
although both septic groups had similar levels of lymphocyte counts in their peripheral
blood. These data suggest that the in vivo AV-750 imaging of lymphoid cell death provided
additive and vital prognostic information.

TLR3 has been reported to play an important role in sepsis and serves as a sensor of tissue
necrosis (33, 34). Here, we found that TLR3~/~ septic mice had a significant lower AV-750
signal in the abdominal regions and in the spleen compared with WT septic mice, whereas
similar AV-750 signal was present in the thymus of both TLR3~/~ and WT septic mice. Once
again, the in vivo and ex vivo AV-750 fluorescence data highly correlate with the data from
flow cytometry and Western blot showing that TLR3™~ mice had significantly lower level of
splenocyte cell death and less caspase cleavage, respectively, compared with WT mice. The
finding that the lower level of cell death in TLR3™/~ mice subjected to sepsis is consistent
with a previous report by Cavassani et al (33) that shows that TLR3™/~ septic mice have a
marked reduction in necrotic peritoneal cells and a slight reduction in apoptotic peritoneal
cells. The in vivo AV-750 fluorescent imaging in this study provides further information of
lymphoid cell death in the deep organs and demonstrates further that TLR3 is involved in the
cell death induced by polymicrobial sepsis.

The application of annexin V as a tool to detect cell death in vivo had been reported
previously in cardiology (35-38) and oncology (39-41). NIR imaging is well suited to small
animals but cannot be applied in humans due to limited penetration. With the development
of radiolabeled derivatives of annexin V, in vivo imaging has been performed in patients and
plays a significant role in evaluation of cell death and potential guidance of treatment (16,
37, 42). Radiolabeled versions of annexin, however, have been described and are under
ongoing development. Initial versions of radiolabeled annexin were not site-modified, thus
reducing annexin activity. This has now been overcome with several approaches (43, 44).
Radiolabeled annexins have also been characterized by high background uptake in the
abdomen, and new constructs with improved pharmacokinetics will need to be developed.
Another limitation of the AV-750 imaging is from the metabolite of annexin V, which is
cleared via the kidney and the liver. In this study, fluorescence-labeled annexin V shows low
fluorescent signal in the abdominal area, which offers better target-to-background ratios and
makes in vivo cell death imaging possible in the liver and spleen regions. Nevertheless,
clinical translation of the approach described here is feasible and of significant potential.

Some limitations of this study should be noted. First, the study was conducted in mice.
Although a strong annexin V signal in the thymus and significant thymocyte death are
observed in septic mice, it is an unlikely case in humans because of marked thymus atrophy
in human adults. Second, similar to other diseases, the mouse models may only provide
partial information on human inflammation. There is an ongoing debate on the correlation of
mouse models with human acute inflammatory conditions in the genomic responses (45—
49). The study by Seok et al (45, 46) questions the utility of mouse models in predicting
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specific genes/pathways in the human inflammatory diseases, such as sepsis, burn, and
trauma. However, others raise the concerns about the methodology in the study and draw
different and even opposite conclusions from the same genomic dataset (47, 49).
Furthermore, it is worth noting that lymphatic cell death in sepsis has been well documented
in both mouse models of sepsis and ICU patients with severe sepsis (8, 11). Therefore, it
seems safe to state that the phenotype of lymphoid cell death observed in septic mice is
shared by humans with severe sepsis.

In summary, we report here that in vivo AV-750 fluorescent imaging is feasible and exhibits
good sensitivity in detecting cell death in the thymus, liver, and spleen during sepsis. We
demonstrate that the AV-750 fluorescent intensity in the thoracic and upper abdominal fields
is associated with sepsis severity and highly correlated with sepsis-induced cell death in the
thymus and spleen, respectively. Thus, in vivo AV-750 imaging may represent a novel
strategy to noninvasively detect sepsis-induced cell death in the lymphatic organs, monitor
sepsis pathogenesis, and prognosis and facilitate an appropriate treatment.
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Figure 1.
Sepsis led to apoptosis in the liver, spleen, and thymus. Twenty-four hours after sham or

cecum ligation and puncture (CLP) surgery (18-gauge needle), liver, spleen, and thymus
were harvested and tested for apoptosis. A, CLP led to increased caspase-3 cleavage
detected by Western blot. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
employed as the internal control for equal protein loading. B, Caspase-3 activity was
increased in septic organs. Fold change over the sham group was expressed. 7= 3 in each
group. ***p < 0.001 versus sham. C, Apoptosis occurred in the liver, spleen, and thymus as
detected by terminal deoxynucleotidyl transferase dUTP nick-end labeling.
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Figure2.

Models of mild and severe sepsis. A, Serum cytokine 24 hr after surgery. Significant
increases in interleukin (IL)-6, keratinocyte chemoattractant (KC), and monocyte
chemoattractant protein (MCP)-1 were seen in a sepsis severity-dependent manner. *p <
0.05, **p < 0.01, and ***p < 0.001. 7= 7 in the sham group and 7= 6 in mild and severe
septic groups. B, Acute kidney injury developed in a severity-dependent manner. Neutrophil
gelatinase—associated lipocalin (NGAL) and kidney injury molecule (KIM)-1 messenger
RNA levels in the kidney were tested with quantitative reverse transcription-polymerase
chain reaction 24 hr after surgery. *p < 0.05, **p < 0.01, and ***p < 0.001. n=7 in each
group. C, Survival rate of sham and septic mice. **p < 0.01 severe versus mild sepsis.
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Figure 3.
Lymphoid cell death was detected in vivo and ex vivo with AV-750 imaging. Twenty hours

after surgery, AV-750 dye was injected IV. Four hours later, mice were anesthetized and
imaged in an 1VIS imaging spectrum system. A, Representative AV-750 imaging in vivo in
sham, mild, and severe groups. B, AV-750 fluorescence signal in vivo was quantified as ratio
over sham. Probe uptake was significantly increased in sepsis in both the thorax and the
abdominal regions. 7= 8 in the sham group, /7= 6 in the mild group, and 7= 8 in the severe
group. *p < 0.05, ***p < 0.001, and ****p < 0.0001 versus sham; #p < 0.05 versus mild
cecum ligation and puncture (CLP) group. C, Representative AV-750 imaging of the isolated
thymus, liver, and spleen. D, Ex vivo AV-750 fluorescence signal was quantified as the ratio
over sham. **p < 0.01, ***p < 0.001, and ****p < 0.0001 versus sham group. ##p < 0.01
and ####p < 0.001 versus mild CLP group. 7= 8 in the sham group, 7= 6 in the mild group,
and n7= 8 in the severe group. Abd. = abdominal, FL = fluorescence.
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Figure 4.

Sepsis-induced lymphoid cell death correlates with AV-750 imaging in vivo and ex vivo.
Right after AV-750 imaging, the thymi or spleens were gently ground to dissociate the cells.
Thymocytes and splenocytes were stained with fluorescein-labeled annexin V (AX) and
propidium iodide (PI). Flow cytometry were used to define the percentage of apoptosis,
necrosis, and total cell death population. A, Representative picture of thymocyte flow
cytometry. B, Mild and severe sepsis led to increased apoptosis (AX*/P17), necrosis (AX*/PI
*+), and total cell death (AX*) in thymocytes. 7=5 in the sham group and 7= 6 in the CLP
group. *p < 0.05 and ***p < 0.001 versus sham. C, Representative picture of flow cytometry
in splenocytes. D, Mild and severe sepsis increased splenocyte cell death. 7= 6 in each
group. *p < 0.05 versus sham. E, In vivo thoracic AV-750 signal correlates with thymocyte
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cell death. In vivo abdominal AV-750 signal correlates with splenocyte cell death (AX™, total
cell death percentage; 7= 28). F, Ex vivo imaging of AV-750 signal in the thymus and
spleen correlates with thymocyte and splenocyte death, respectively (AX*, total cell death
percentage; n= 28). G, Complete blood count was tested 24 hr after surgery. 7=4 in each
group. *p < 0.05 and **p < 0.01 versus sham. AU = arbitrary unit, CLP = cecum ligation
and puncture, Granu = granulocyte, Lym = lymphocyte.
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Figureb.

Toll-like receptor 3 (TLR3) deficiency reduced cell death in the spleen. Wild-type (WT) and
TLR3~/~ mice were subjected to sham or cecum ligation and puncture (CLP) surgery (severe
model). AV-750 imaging in vivo, organs ex vivo, and flow cytometry were applied to detect
cell death at 24 hr. A, Representative pictures of in vivo AV-750 imaging. B, AV-750
fluorescence signal in vivo was quantified as ratio over sham. AV-750 uptake was
significantly increased in sepsis in both the thorax and the abdominal regions. *p < 0.05, **p
<0.01, ***p<0.001, and ****p < 0.0001 versus sham (WT-S). ##p < 0.01 versus WT-CLP.
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n =3 in the sham group, 7= 9 in the WT-CLP group, and 7= 7 in the TLR3~/~-CLP group.
C, Representative ex vivo AV-750 imaging. Right after in vivo imaging, thymus and spleen
were harvested and exposed in an IVIS imaging system. D, Ex vivo AV-750 fluorescence
signal is quantified as ratio over sham. ***p < 0.001 and ****p < 0.0001 versus sham (WT-
S). n= 3 in the sham group, 7= 9 in the WT-CLP group, and 7= 7 in the TLR3/~-CLP
group. ##p < 0.01 versus WT-CLP. E, Representative pictures of flow cytometry data in
thymocytes. F, WT and TLR3™/~ septic mice showed the same level of cell death in
thymocytes. /7= 3 in the sham group, 7= 9 in the WT-CLP group, and 7= 7 in the TLR3~/~-
CLP group group. *p< 0.05, **p < 0.01, and ***p < 0.001. G, Representative pictures of
flow cytometry data in splenocytes. H, Sepsis led to cell death in WT splenocytes. *p < 0.05
and **p < 0.01. TLR3 deficiency prevented the development of splenocyte cell death
induced by sepsis. 7= 3 in the sham group, 7=9 in the WT-CLP group, and 7= 7 in the
TLR3~/~-CLP group. |, Apoptosis was reduced in TLR3™/~ septic spleen as evidenced by
attenuated caspase-3 cleavage, but not in septic thymus. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) served as protein loading control. Abd. = abdominal, AX=
fluorescein-labeled annexin V, FL = fluorescence, Pl = propidium iodide.
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