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Abstract
Cryosurgery is increasingly being used to treat prostate cancer; however, a major limitation is
local recurrence of disease within the previously frozen tissue. We have recently demonstrated that
tumor necrosis factor alpha (TNF-α), given 4 hours prior to cryosurgery can yield complete
destruction of prostate cancer within a cryosurgical iceball. The present work continues the
investigation of the cellular and molecular mechanisms and dynamics of TNF-α enhancement on
cryosurgery. In vivo prostate tumor (LNCaP Pro 5) was grown in a dorsal skin fold chamber
(DSFC) on a male nude mouse. Intravital imaging, thermography, and post-sacrifice histology and
immunohistochemistry were used to assess iceball location and the ensuing biological effects after
cryosurgery with and without TNF-α pre-treatment. Destruction was specifically measured by
vascular stasis and by the size of histologic zones of injury (i.e. inflammatory infiltrate and
necrosis). TNF-α induced vascular pre-conditioning events that peaked at 4 hours and diminished
over several days. Early events (4 – 24 hours) include upregulation of inflammatory markers
(nuclear factor-κB (NFκB) and vascular cell adhesion molecule-1 (VCAM)) and caspase activity
in the tumor prior to cryosurgery. TNF-α pre-conditioning resulted in recruitment of an augmented
inflammatory infiltrate at day 3 post treatment vs. cryosurgery alone. Finally, preconditioning
yielded enhanced cryosurgical destruction up to the iceball edge at days 1 and 3 vs. cryosurgery
alone. Thus, TNF-α pre-conditioning enhances cryosurgical lesions by vascular mechanisms that
lead to tumor cell injury via promotion of inflammation and leukocyte (esp. neutrophil)
recruitment.
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Introduction
Prostate cryosurgery using intra-operative iceball imaging and modern Argon Joule-
Thomson probe technology has increased markedly in the last decade [45,47]. Although
mostly accepted for salvage following local radiotherapy failure, it is now increasingly used
as a primary treatment for locally advanced disease [29]. It is estimated that 6,680
cryoablation procedures were performed in the United States in 2005 with 15,000
procedures projected in 2010 [13]. Five-year biochemical disease free status for cryosurgery
is now comparable to published results for radiation and surgery in the prostate [27].
However, reproducible clinical application of cryosurgery continues to suffer from the
inability of the technique to destroy cells at the periphery of the lesion (i.e. at the iceball
edge) where the temperatures are above −40°C [16]. Clearly, sub-lethal injury at the iceball
edge may lead to cancer recurrence. However, over-freezing (creating an iceball beyond
clinically apparent cancer) may result in damage of surrounding normal structures such as
nerves and vessels, leading to complications [49]. As both under and over-freezing
outcomes are undesirable, much research has focused on controlling destruction within the
iceball by cellular, vascular and immunological mechanisms [4,6,17,46]. It is now clear that
one important approach to controlling disease at the edge of the prostate, where both the
cancer and the iceball edge co-exist, is to augment these mechanisms with cryosurgical
adjuvants as recently reviewed [19].

Several molecular adjuvants have been used to enhance cryosurgical injury within the
iceball. These adjuvants can be broadly categorized into four groups: 1) thermophysical
adjuvants to enhance the injury by ice crystal formation, 2) chemotherapeutic approaches to
induce apoptosis (programmed cell death), 3) intravascular agents to induce vessel damage
(and therefore ischemic necrosis), and 4) immunomodulators to stimulate immune-mediated
tumor damage [19]. We have previously demonstrated that pre-treatment with TNF-α, a
vascular agent, can completely destroy tumor throughout a cryosurgical iceball [20,26].

TNF-α, isolated 30 years ago, is a multifunctional cytokine that plays a key role in apoptosis
and cell survival as well as in inflammation and immunity. There are a number of
mechanisms by which TNF-α can induce an anticancer effect, including: apoptosis [44], pro-
coagulation and acute hemorrhagic necrosis [23], activation and mediation of macrophage
and natural killer (NK) cell destruction [23], and occasionally the initiation of tumor specific
immunity [3,22,37]. Our earlier results suggest that inflammation and vascular injury are
critical specifically to TNF-α-mediated enhancement of cryosurgery [26]. However, further
description of the timing and mechanisms of TNF-α pre-conditioning and enhancement of
combinatorial treatment are needed for optimal translation to clinical use.

This work specifically investigates and reports on the time course and mechanism of TNF-α
pre-treatment effects in tumors, and of combinatorial treatment (TNF-α pre-treatment +
cryosurgery). While the systemic use of native TNF-α yields toxicity, we are able to
topically apply it in the dorsal skin fold chamber without toxicity in this work. In other work
we have also shown that safe systemic delivery is possible followed by cryosurgery with a
gold nanoparticle carrier (CYT-6091) which may ultimately translate to clinical use [20].
Enhancement of cryosurgical injury in combinatorial treatment by histology is confirmed
here as previously reported [4,20,25]. In addition, we show for the first time that
enhancement is accompanied by the presence of a strong and sustained neutrophil
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inflammatory infiltrate. Also, new immunohistochemical results show that TNF-α-mediated
enhancement correlates with translocation of NFκB, VCAM expression and upregulated
expression of caspase 3 (a marker of apoptosis) in the cells and vasculature of the tumor.

Materials and Methods
Cell culture

LNCaP Pro 5 cells were transfected with plasmid DNA encoding the DsRed-express
(Clontech, Mountain View, CA) fluorescent protein to permit monitoring of tumor growth in
dorsal skin fold chambers (DSFCs) as described previously [20]. DsRed-LNCaP cells were
cultured as adherent monolayers in Dulbecco’s modified Eagle’s medium (DMEM)/F12
media (BD Biosciences, San Jose, CA) supplemented with 10% of fetal bovine serum,
antibiotics, and 10−9 mol/L dihydrotestosterone (DHT) as previously described [4].

Animals
Athymic male NU/J mice were obtained from the Jackson Laboratory (Bar Harbor, ME) and
housed according to an approved IACUC and University-approved standard operating
procedures. Experiments were performed when mice were 6–8 weeks old. Animals with
DSFCs were housed under conditions of higher humidity and temperature than normal to
maintain tissue microvasculature [20]. When appropriate, animals were anesthetized by an
i.p. injection of ketamine (100 mg/kg) and xylazine (10 mg/kg).

DSFC and tumor cell implantation
A DSFC was implanted in each nude mouse as previously described [20,24]. Immediately
after DSFC implantation and on day 4 after implantation, DsRed-LNCaP cells (1-2 million
cells/mouse; suspended in 30 μL Matrigel (BD Biosciences, San Jose, CA) that had been
diluted 3:1 in serum-free medium) were seeded into the DSFC chamber window. Intravital
imaging of tumor cells was performed using a Nikon inverted fluorescent microscope
equipped with a 20× objective (Nikon, Melville, NY) and silicon intensified transmission
camera (Hamamatsu, Bridgewater, NJ) as previously described [4,24,43]. Experiments were
performed on day 12 following DSFC implantation, when tumor cells were found to cover
the entire chamber window as previously reported [4,20,26].

Treatment with TNF-α, NFκB inhibitor, and cryosurgery
On the day of the study, the glass windows of DSFCs were removed. The NFκB inhibitor
Bay 11-7085 (EMD Biosciences, San Diego, CA; dissolved in dimethyl sulfoxide (Me2SO)
at 10 mg/ml) was topically applied in the DSFC at a dose of 0.4 mg/kg for 15 min. After
Bay treatment, or without pre-treatment with Bay, 200 ng/mouse of TNF-α (a gift from
CytImmune Science, Inc., Rockville, MD; dissolved in 30 μl saline), or a sham mixture of
saline, were topically applied for 15 min. The glass windows were replaced and animals
were treated with cryosurgery 4 hours later as described previously [20,26]. Briefly, DSFC
windows were removed and a 1 mm diameter brass extension tip fitted to a 5 mm cryoprobe
(Endocare, Irvine, CA) was inserted into the center of the DSFC for 55 s (to attain
temperatures of −100°C) followed by passive thawing at room temperature. The temperature
was monitored throughout the procedure by the use of infrared thermography and
thermocouples placed at 2, 3 and 4 mm radial positions around the DSFC center [20].

Intravital measurements of vascular flow
On days 1, 3 or 7 following cryosurgery (with or without prior TNF-α pre-treatment), 0.1 ml
of 10 mg/ml 70-kDa FITC-labeled dextran (Sigma, St. Louis, MO) was injected into the tail
vein of each animal. Using the inverted fluorescent microscope and camera described above,
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the average radius of signal in the FITC channel was measured at four perpendicular radial
directions relative to the chamber center. Vascular stasis was defined as the lack of
fluorescence signal (signifying lack of blood flow, or perfusion defect). Leukocyte
interactions with vascular endothelium were visualized following injection of 10 ml/kg body
weight of saline containing 1 mg/ml of the nuclear dye rhodamine 6G (Sigma, St. Louis,
MO), which labeled leukocyte nuclei intravitally [10]. Slow moving/rolling leukocytes near
microvessel walls and fast moving leukocytes in central vascular flow were videotaped
during their passage through vessels with a 20× objective using the imaging set up described
above.

Histology and immunohistochemistry
Animals were sacrificed 4 hours post TNF-α treatment or at day 1, 3 and 7 post cryosurgery
immediately after vascular imaging. The entire tumor tissue from the viewing area of the
dorsal skin fold chamber was bisected: one-half of each specimen was fixed in 10% buffered
formalin (Sigma, St. Louis, MO), embedded in paraffin, sectioned at 4-7 μm and stained
with hematoxylin-eosin (H&E). The other half was frozen and stored at −80 °C for
immunohistochemistry (IHC). Cryostat sections were acetone-fixed, blocked with serum and
incubated with optimal dilutions of anti-mouse antibodies. NFκB p65 (Gene Tex, Inc.,
Ivrine, CA) and VCAM (Vector Laboratories, Burlingame, CA) primary antibodies were
used for staining of specific molecules. This was followed by ASA-horseradish peroxidase
(Covance, Dedham, MA) application and finally 3,3′-Diaminobenzidine (DAB) chromagen
that yields a brown color reaction. CD31/PECAM (Biocare Medical, Concord, CA) for
endothelial cells and caspase 3 (Biocare Medical, Concord, CA) primary antibodies were co-
stained, and dual chromogen imaging was used for CD31/PECAM (Biocare Medical) and
caspase 3 (Biocare Medical) to co-localize apoptosis and endothelium.

Histologic sections were digitized using a whole slide digital imaging system, ScanScope
(Aperio, Vista, CA), and analyzed using Spectrum software (Aperio, Vista, CA). From
prints of whole slide images, distinct histologic layers corresponding to the zones of central
necrosis, inflammation, thrombosis/ischemic necrosis, granulation tissue and viable tumor
were measured and averaged. Measurements were performed at angles of 30°, 60° and 90°
relative to a plane perpendicular to the long axis of the mouse (which was the plane of
bisection of tissue pieces removed from each DSFC). Shrinkage was found to be uniform
and accounted for as previously reported [20], yielding an average of 18.9 ± 7.7% at each
radial location. For quantification of VCAM and caspase 3 IHC staining intensity, digital
annotation regions were applied in representative areas of each tumor section and pixels that
exceeded threshold limits were quantified (as a ratio of total) using Positive Pixel Count v9
software (Aperio, Vista, CA). NFκB activation was characterized by the translocation of the
p65 (labeled with brown precipitate) from the cytoplasm to nucleus and presented as number
of NFκB activated cells / number of total cells in the representative areas.

Statistics
Statistical significance was determined using the paired student’s t test. If the difference was
at the level of p<0.05, it was determined significant. Otherwise, the difference between two
measurements was not significant, i.e., p>0.05.

Results
Histological zones following cryosurgery without TNF-α

The maximum cryosurgical lesion without TNF-α pre-treatment presented at day 3.
Cryoinjury was characterized by five histological zones extending radially outward from the
probe location (Fig. 1). Zone 1: immediately surrounding the cryoprobe a central necrotic
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zone was formed, characterized by intense eosinophilic staining of cells, loss of hematoxylin
staining and loss of cellular detail. Blood vessels in this central necrotic zone were
destroyed. In some specimens, scattered neutrophils were present in this zone. Zone 2:
surrounding the central necrotic zone, a marked band of inflammation was present.
Neutrophils were the dominant cells in this band, with lesser numbers of lymphocytes and
histocytes also present. Zone 3: centrifugal to the inflammatory band was a zone of
thrombosis and resulting hemorrhage and ischemic necrosis. Zone 4: surrounding the zone
of thrombosis/ischemic necrosis was a zone of granulation tissue characterized by fibroblast/
myofibroblast infiltration and proliferation, new collagen deposition and nascent capillary
formation [59]. The granulation tissue zone was found only on day 3 and later. The five
zones from central necrosis to granulation tissue were defined as the cryolesion. Zone 5:
Peripheral to the cryolesion was a zone of viable tumor.

TNF-α pre-conditioning is mediated at the vascular level
Histological features following topical TNF-α treatment were analyzed. Acute vascular
injury events, including microvascular dilatation, thrombosis/congestion and hemorrhage
(Fig. 2A) were first observed and reached the maximum as early as 4 hours after TNF-α
treatment and notably decreased from day 1 to day 7. An acute inflammatory response was
observed at 4 hours, characterized by an influx of neutrophils, many adherent to the
endothelial layer and infiltrating into the interstitial space (Fig. 2B). Later, tumor cell
necrosis in some areas with thrombosis/congestion became notable and peaked between day
1 and 3, likely due to diminished blood supply and cytotoxic effects of the inflammatory
infiltrate. These histological observations are summarized in Table 1.
Immunohistochemistry of these same samples revealed that TNF-α treatment alone induced
NFκB and caspase 3 activity 4 hours after administration (p<0.05), although both were
suppressed later at 24 hours (Fig. 2C). VCAM expression was increased over the same
period, although the changes were not statistically significant.

Histologic evolution of cryolesion zones and TNF-α modification of evolution
One day after cryosurgery, the small central necrosis zone and a surrounding large zone of
scant inflammation and thrombosis were difficult to distinguish by H&E staining. Blood
vessels were severely damaged at the center, evidenced by fibrin deposition within vessels
and extravasation of erythrocytes. Toward the edge of the cryolesion, vascular damage was
less severe, characterized by microvascular dilatation. Viable tumor was present in this zone
at day 1, such that it was difficult to distinguish the cryolesion edge. No significant TNF-α
enhancement was notable at day 1. At day 3, the cryolesion histologic zones were
established, including a marked band of inflammation, chiefly neutrophils, surrounding the
central necrotic zone, and early granulation tissue formation. At day 3, the radius of the
histologically identified cryolesion correlated well with the radius of the vascular stasis
visualized by intravital imaging (Fig. 4, Table 2). TNF-α significantly enlarged the
cryolesion radius from 3.3 ± 0.6 to 4.3 ± 0.3 mm by histology (Fig. 3C, Table 2). Specific
zones were also enhanced by TNF-α. The inflammatory zone was significantly increased by
TNF-α, from 1.9 ± 0.8 mm with cryosurgery alone to 3.0 ± 0.5 mm with combined TNF-α
pre-treatment followed by cryosurgery (Fig. 3C, Table 2). Further, a thin zone of granulation
tissue (0.6 ± 0.5 mm in width) peripheral to the zone of thrombosis/ischemic necrosis was
formed at day 3 following combinatorial therapy, which was not clearly formed after
cryosurgery alone (Fig. 3C Table 2). At day 7, the inflammatory and granulation tissue
zones continued to expand. Granulation tissue became notable with cryosurgery treatment
alone (0.8 ± 0.3 mm in width) and was expanded centripetally into the ischemic necrosis
layer with TNF-α pre-treatment (1.2 ± 0.5 mm in width) (Fig. 3C, Table 2). Importantly,
pre-treatment of TNF-α completely destroyed the tumor tissue up to the iceball edge (3.9
mm, −0.5°C) at day 1 and 3, which could not be achieved by cryosurgery alone.
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Intravital imaging evaluation of TNF-α enhanced vascular injury
The stasis radius modified by TNF-α post cryosurgery was measured by FITC-dextran
fluorescence at day 1, 3 and 7 post cryosurgery in both tumor tissue and normal skin (Fig. 4,
Table 2). With cryosurgery alone, the stasis radius increased from 2.7 ± 0.7 mm at day 1 to
3.3 ± 0.5 mm at day 3 (p<0.05) and 3.1 ± 0.1 mm at day 7 in tumor tissue. Whereas, with
TNF-α pre-treatment, a large stasis radius was already created at day 1 (3.8 ± 0.8 mm) which
remained large at day 3 (4.0 ± 0.4 mm) and day 7 (3.7 ± 0.5 mm). Pre-treatment with TNF-α
was observed to increase stasis radius up to the edge of the iceball (3.9 mm) at all time
points (day 1, 3 and 7) after cryosurgery compared with cryosurgery alone. This observation
was consistent with our previous observation at day 3 post cryosurgery [20,24], suggesting
enhanced vascular damage post cryosurgery induced by TNF-α pre-treatment in tumor. On
the other hand, the normal skin showed significant contraction of the radii of vascular stasis
from day 1 through day 7 after cryosurgery both with and without TNF-α pre-treatment.
TNF-α pre-treatment followed by cryosurgery in normal skin, yielded a larger vascular
stasis early on (day1 and 3) (p<0.05), with a faster reduction in stasis radius at day 7 (1.0 ±
0.3 mm) compared with cryosurgery alone (2.1 ± 0.4 mm) (p<0.05). This suggests an
enhanced wound healing process induced by TNF-α in normal skin possibly through
enhanced blood flow post freezing.

Molecular and cellular mechanisms of TNF-α enhanced cryosurgery
NFκB translocation, VCAM expression and caspase 3 signaling pathway induction were
altered due to treatment as assessed by IHC at day 1 after cryosurgery with and without
TNF-α pre-treatment (Fig. 5A & B). NFκB translocation and VCAM expression were
significantly activated in tumor, endothelial, and the occasional fibroblast cell. Caspase 3
signaling was upregulated in infiltrating leukocytes and endothelial cells. These effects are
enhanced by TNF-α pre-treatment at the edge of the cryolesion. At day 3 post cryosurgery,
these molecular events decreased to the point where no signal was seen by IHC (data not
shown). Upregulation of VCAM and NFκB in combinatorial therapy appeared to have a
greater biological effect on the lesion as shown in Fig. 5C & D. Specifically, within the
dense inflammatory band, TNF-α pre-treatment greatly enhanced the density of neutrophils
infiltrating the tissue from 54.6 ± 18.2 to 121.7 ± 53.3 cells/field (p<0.05, Fig. 5D) in the
inflammation band. The TNF-α enhanced inflammatory response at day 3 post
combinatorial cryosurgery was likely due to VCAM expression mediated by NFκB since the
inflammatory infiltrate was significantly reduced with use of the NFκB inhibitor Bay, from
121.7 ± 53.3 cells/field without Bay to 40.1 ± 20.5 cells/field with Bay (Fig. 5D). This
inflammatory infiltrate can also lead to caspase activation in some neutrophils and
endothelial cells at day 1 (Fig. 5B). Together, these inflammatory and subsequent caspase
mediated events lead to the extension of the cryosurgical lesion with TNF-α.

Discussion
In recent years a new research thrust has emerged in cryosurgery that focuses on the use of
molecular adjuvants to manipulate and enhance cellular and tissue cryodestruction
[2,6,20,41,56]. The usage of these cryoadjuvants was recently reviewed in [19]. For
instance, as apoptosis is recognized as a mode of cell death at the periphery of the iceball,
many studies used apoptosis inducers (chemotherapeutics) combined with cryosurgery at
milder temperature (−40 to −0.5°C) [5,7,14,15,33,40,61]. However, most of these studies
are in vitro and their impact in vivo still requires verification. Importantly, no adjuvant
except the pro-inflammatory cytokine TNF-α, has demonstrated the ability to extend
cryosurgical destruction in vivo up to the iceball edge (−0.5 °C) [20,21,24]. The present
work is an extension of these previous studies to more completely study the complicated
effects of TNF-α enhancement on tumor tissue. Specifically, TNF-α can activate both
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inflammatory and apoptotic intracellular pathways. Thus, the exact cellular and molecular
mechanisms and timing of TNF-α pre-conditioning events and ensuing cryosurgical
enhancement are poorly understood and continue to be investigated in this study. Here we
show for the first time that the presence of a sustained neutrophil infiltrate at the cellular
level is important to this enhancement. In addition, our data shows that both inflammatory
and apoptotic pathways participate at the molecular level in providing cryosurgical injury
enhancement, although the inflammatory pathway appears to dominate the response as only
it can be blunted by NFκB inhibition [26].

A major challenge of studying the enhanced mechanisms of by TNF-α or other
cryoadjuvants in vivo is the differential spatial and temporal injury response as a function of
the temperature response, especially related to the iceball edge, within the tissue. Therefore,
in this study, we show the distribution of the cellular and molecular activity in tissue using a
DSFC model that allows temperature monitoring and quantification of injury responses over
time (day 1, 3 and 7) after treatment. Five histological zones were observed post
cryosurgery, including central necrosis, inflammation, thrombosis/ischemic necrosis,
granulation and viable tumor. TNF-α spatial and temporal modification of these zones and
the early molecular mechanisms that affect this response were studied.

Our results suggest that the inflammatory infiltrate is the main mechanism of TNF-α
cryoinjury enhancement. Recent evidence has shown that host mediated injury, including
vascular and immunological effects, define the edge of a cryosurgical lesion [17,50]. The
host response is orchestrated by the innate immune system in a non-antigen specific manner.
Key elements of the host response are: to destroy tumor cells, prevent the spread of tissue
damage, contain imbalances of homeostasis, remove dead damaged/altered tissue, and
ultimately restore tissue function [31]. The inflammatory infiltrate is an important part of
this host response. The interaction of the host response with the local tumor tissue usually
takes place during ischemia reperfusion post cryosurgery [18,38]. Local tissue damage
yields “danger signals”, including the synthesis of pro-inflammatory cytokines (e.g. TNF-α,
IL-1 and 6) and chemokines that initiate recruitment of circulating leukocytes to the injury
site [48]. Reperfusion and subsequent re-oxygenation after freeze thaw induce NFκB-
dependant transcription of gene encoding adhesion molecules (ICAM, VCAM, E-selectins
and P-selectins) and chemokines [1,9,58] that further mediate leukocyte transendothelium
migration from circulation to the interstitium. Neutrophils play a central role in this host
response by initiating the coagulation cascade [54], acting as chemoattractants for
inflammatory cells [11,54], beginning the debridement of devitalized tissue, and
phagocytosis of foreign bodies by releasing toxic agents (reactive oxygen species, cationic
peptides, eicosanoids and proteases) [60].

Our work suggests that the main effect of TNF-α is to pre-condition the vasculature by
activating vascular endothelial cells to recruit inflammatory cells and promote their
extravasation. Our results are consistent with published work [31,42]; however the
connection to cryosurgery is new in this work. Vascular pre-conditioning is mediated by
NFκB pathway activation, which peaked at 4 hours, and led to expression of adhesion
molecules (VCAM) and adhesion of leukocytes at endothelial surfaces. Combined with
cryosurgery, both NFκB translocation and VCAM activation were significantly enhanced by
TNF-α pre-treatment at day 1 (Fig. 5B), suggesting that TNF-α pre-treatment mediates later
augmented inflammatory infiltration at day 3 post cryosurgery (Fig. 5C & D).

In addition, endothelial apoptosis and increased vascular permeability for blood constituents
(i.e. cells, proteins) is observed after TNF-α application. This may be either due to TNF-α
receptor binding on endothelial cells and caspase activation, and/or reactive oxygen species
from pre-recruited inflammatory cells by TNF-α. Finally, infiltrated leukocytes (neutrophils
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and macrophages) and activated endothelial cells can produce more cytokine (esp.IL-1, 6
and TNF-α,) which amplifies the inflammatory response. All these vascular pre-conditioning
events can contribute to the recruitment and retention of an inflammatory infiltrate after
cryosurgery.

It has been recently reported that apoptosis was observed at the edge of the cryolesion 24
hours post cryosurgery [50]. Our results are consistent with this evidence and show
significant caspase activation after cryosurgery that can be further enhanced by TNF-α pre-
treatment. Importantly, caspase activity was mainly found in leukocyte and endothelial cells
as confirmed by co-localization of caspase 3 and CD31 staining (Fig. 5C), whereas minimal
caspase activation was found in tumor cells as described in previous work [53]. This
suggests that apoptosis is an outcome of endothelial cell injury due to leukocyte-endothelial
cell interaction. This is supported by our previous inhibition study that showed that NFκB
inhibition, rather than caspase inhibition, significantly reduced the extent of vascular injury
post TNF-α enhancement of cryosurgery [26]. The caspase activation within endothelial
cells is likely induced by free radicals and proteases released from infiltrating leukocytes
[39]. These molecules promote apoptosis of endothelial cells, thereby leading to
microvascular damage and subsequent blood flow defects [12,28]. This enhanced
endothelial injury by the inflammatory infiltrate is therefore a result, but not a determinant
of, vascular injury and stasis at the cryolesion edge.

An advantage of cryosurgery often cited is that of rapid wound healing and minimal
scarring. This has been observed in the management of a wide variety of skin lesions,
particularly those affecting the face and skin [36,52]. However, wound healing after tumor
cryoablation has been less studied. Pre-treatment with TNF-α not only increased the
inflammatory infiltrate and the eradication of tumor, but also advanced the initiation of
granulation tissue, consisting of endothelial cells, macrophages, and fibroblasts infiltrating
to the wound site. This may be due to the fact that TNF-α can stimulate active neutrophils
and macrophages [30], angiogenesis [34] and enhance invasive migration of normal
fibroblasts [51,57], therefore promoting the cellular activity during wound healing. In
addition, the local environment (cytokines, chemokines and growth factors) modified by
TNF-α stimulation can also activate a large transcriptional program, which produces
cytokines and growth factors required by wound healing [12,35,55]. However, TNF-α
promoted wound healing which enhances angiogenesis thereby causing infiltration of tumor
cells into the cryolesion site and even recurrence and metastasis of the tumor post
cryosurgery [32]. In order to better understand the effect of TNF-α on wound healing (or
recurrence), future studies will need to explore time points beyond 7 days possibly using a
hindlimb tumor system that allows long term growth delay and wound involution to be
measured [20,25].

The innate immune response is also enhanced by TNF-α and is essential in the development
of an adaptive immune response to target the cryotreated tumor [8,17,31,48]. The adaptive
immune response begins with antigen uptake and presentation on antigen presenting cells
(macrophages and dendritic cells) for recognition by antigen-specific T cells. However, in
this study, an athymic mouse model with defective T lymphocyte production was used.
Thus, while the innate immune response in our study was vigorous and dominated by
neutrophils and macrophages, the contribution of the adaptive immune cells to tissue
destruction was underestimated. Future investigation of the effect of TNF-α on adaptive
immune response during and after cryosurgery with an immune competent animal model is
clearly needed.

In conclusion, these results show the tremendous potential of TNF-α to pre-condition the
vascular and immune response of a tumor thereby enhancing cryosurgical efficacy. A strong
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enhancement of the inflammatory infiltrate within the cryolesion occurred due to TNF-α
vascular pre-conditioning. The interaction of this infiltrate with the tumor endothelium and
parenchymal cells through a blocking susceptible NFκB regulated (inflammatory) pathway
is thought to be the dominant mechanism of cryosurgical injury and enhancement [26].
Apoptosis was also enhanced by TNF-α; however, this occurred subsequent to the
recruitment of an inflammatory infiltrate and, due to the inability to block the effect, is not
considered a dominant pathway of cryosurgical injury or enhancement [26]. Finally,
granulation tissue formed after cryosurgery is also enhanced by TNF-α pre-treatment,
suggesting promotion of wound healing. Further studies are still needed to elucidate the role
of TNF-α in the wound healing and adaptive immune response after combinatorial
cryosurgery.
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DSFC dorsal skin fold chamber

Me2SO dimethyl sulfoxide

VCAM vascular cell adhesion molecule-1

H&E hematoxylin-eosin

IHC immunohistochemistry
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Figure 1.
Five histological zones were evident after cryosurgery: central necrosis, inflammation,
thrombosis/ischemic necrosis, granulation tissue influx, and viable tumor. (A)
Demonstration of these histological zones at day 3 post cryosurgery (20× objective; scale
bar = 1mm). (B) Demonstration of these histological zones at 40× objective magnification
(scale bar = 100 μm).

Jiang et al. Page 13

Cryobiology. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
TNF-α treatment mediated vascular pre-conditioning events. (A) TNF-α induced
histological changes in tumor tissue including congestion/thrombosis, inflammatory
infiltrate and hemorrhage (scale bar = 100 μm). (B) TNF-α resulted in microvascular
dilatation and enhanced leukocyte association with vessel walls, as visualized by intravital
fluorescent videotaping after intravenous administration of the nuclear dye rhodamine 6G
(scale bar = 100 μm). (C) TNF-α induced caspase activation in tumor and endothelial cells at
4 hours after treatment (*, p<0.05), and NFκB activation in endothelial cells at 4 hours and
day 1 after treatment (*, p<0.05). Data are presented as the mean (bar height = 1 standard
deviation) of three to four independent experiments for each treatment.
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Figure 3.
Dynamic histological changes following cryosurgery with/without TNF-α pre-treatment. (A)
TNF-α modified histological layers at day 7 post cryosurgery as compare to cryosurgery
alone in tumor tissue. (B) Representation of the iceball formation and five histological zones
following cryosurgery (see Fig. 1). (C) Demonstration of changes in the normalized radii of
histological zones over time (bar values represent the mean of three to four independent
experiments for each treatment; see Table 2 for the mean and standard deviation). Arrows
represent histologic cryolesion edge (boundaries of granulation tissue zone) for illustration.
Dashed arrows indicate the iceball edge (3.9 mm, −0.5°C) [20].
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Figure 4.
Stasis radius at days 1, 3 and 7 after cryosurgery measured by intravital microscopic
imaging following FITC-dextran injection. Stasis radius was significantly enhanced by
TNF-α pre-treatment combined with cryosurgery as compared to cryosurgery alone (*,
p<0.05; **, p<0.001). For tumor tissue cryosurgery alone, extension of stasis radius was
observed from day 1 to day 3 (#, p<0.05). The bar values represent Mean ± SD of at least
four independent experiments for each treatment. Dashed arrows indicate the iceball edge
(3.9mm, −0.5°C).
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Figure 5.
Molecular and cellular mechanisms of TNF-α enhanced cryosurgery. (A)
Immunohistochemical demonstration of NFκB, VCAM and caspase 3 (red) and CD31
(brown) activation at the edge of the cryolesion at day 1 post cryosurgery (scale
bar=100μm). (B) Quantitative immunohistochemistry of NFκB, VCAM and caspase 3 signal
in the cryolesion at day 1 post cryosurgery. The average number of positive pixels/total
pixels was derived from five representative fields within each sample; values represent mean
± SD of three to four independent experiments for each treatment; there were statistically
significant (p<0.05) differences between cryosurgery versus sham control (#), and
combinatorial treatment versus cryosurgery alone (**). (C) Leukocyte (neutrophils) infiltrate
at day 3 post cryosurgery with or without TNF-α pre-treatment. Animals were treated with
cryosurgery alone, TNF-α 4 hours pre-treatment plus cryosurgery, or NFκB inhibitor Bay
followed by TNF-α 4 hours pre-treatment plus cryosurgery. Representative image of
neutrophilic infiltrate with H&E staining was taken under high power (100× magnification)
within the inflammation zone (scale bar =100μm). (D) Quantification of neutrophils within
leukocyte infiltrate within each histological zone under high power field. The average
number of neutrophils was measured in five representative fields in each histological layer
for each sample. The bar values represent mean ± SD of three to four independent
experiments for each treatment. The numbers of neutrophils per field were significantly
different between the combinatorial treatment and cryosurgery alone (*, p<0.05).
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Table 1

Time course of morphologic changes post TNF-α treatmenta

Time post-treatment Inflammatory infiltrateb Hemorrhagec Thrombosis & Congestiond Tumor Necrosise

Ctr - - - -

4hr ++++ +++ ++ +

Day 1 +++ - ++ +++

Day 3 + - + +++

Day 7 + - + ++

a
Data correspond to semi-quantitative evaluation in tumor areas of hematoxylin-eosin sections (evaluation was made in five representative fields

per sample under 20× magnification]. Three to four independent experiments were performed for each treatment.

b
Average numbers of leukocytes per field.

c
Percent of tissue area involved by hemorrhage.

d
Average number of vessels affected by congestion/dilation and thrombosis per field.

e
Percent of tumor area involved by necrosis.
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