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Abstract
Immune suppression is a major cause of morbidity and mortality in the septic patient. Apoptotic loss
of immune effector cells such as CD4 T and B cells is a key component in the loss immune
competence in sepsis. Inhibition of lymphocyte apoptosis has led to improved survival in animal
models of sepsis. Using qRT-PCR of isolated splenic CD4 T and B cells, we determined that Bim
and PUMA, two key cell death proteins, are markedly up-regulated during sepsis. Lymphocytes have
been notoriously difficult to transfect with siRNA. Consequently a novel, cyclodextrin polymer-
based, transferrin receptor-targeted, delivery vehicle was employed to co-administer siRNA to Bim
and PUMA to mice immediately after cecal ligation and puncture. Anti-apoptotic siRNA based
therapy markedly decreased lymphocyte apoptosis and prevented the loss of splenic CD4 T and B
cells. Flow cytometry confirmed in vivo delivery of siRNA to CD4 T and B cells and also
demonstrated decreases in intracellular Bim and PUMA protein. In conclusion, Bim and PUMA are
two critical mediators of immune cell death in sepsis. Use of a novel cyclodextrin polymer-based,
transferrin receptor-targeted siRNA delivery vehicle enables effective administration of anti-
apoptotic siRNAs to lymphocytes and reverses the immune cell depletion that is a hallmark of this
highly lethal disorder.
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Introduction
Sepsis continues to be the leading cause of mortality in patients in the intensive care unit.(1)
Although death in sepsis can be due to a “cytokine storm”-mediated, hyperinflammatory
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response, the majority of deaths occur late in the course of sepsis and are often due to either
the inability of the host to clear the primary infection, or the development of hospital-acquired
infections.(2–6) Septic patients are now known to enter a period of immune suppression,
termed “immunoparalysis”, and their ability to survive sepsis is related, in part, to their
propensity to restore immune competence.(6)

One of the major pathological features of sepsis-induced immune suppression is loss of immune
effector cells, specifically, lymphocytes and dendritic cells by apoptosis.(7–11) Three
independent autopsy studies of adult, pediatric, and neonatal septic patients noted marked
sepsis-induced apoptotic depletion of CD4+ T cells and B cells.(7,12,13) The loss of large
numbers of lymphocytes and dendritic cells hampers the ability of the host to sustain an
effective immune response, thereby resulting in the inability to clear primary infections and
susceptibility to nosocomial infections.(6) The fact that prevention of apoptosis in clinically-
relevant animal models of sepsis results in improved survival supports the hypothesis that
apoptosis is a critical pathogenic mechanism in sepsis.(14–16)

Mammalian apoptotic cell death in sepsis proceeds through two distinct pathways, i.e., the
death receptor pathway and the mitochondrial pathway, that converge to activate caspases (cell
death proteases) resulting in cellular demolition.(17–19) The extrinsic, or death receptor,
pathway is triggered by signaling through tumor necrosis factor (TNF) receptor family
members, such as, TNF, Trail, and Fas.(20,21) The mitochondrial (intrinsic) death pathway
responds to various stress stimuli, e.g., oxidative stress, radiation, and cytokine withdrawal
that cause activation of the pro-apoptotic BH3-only proteins, including Bim, Noxa, and PUMA.
(17) Previous work from a number of groups, including our own, has shown that both the death
receptor and mitochondrial pathways are activated in sepsis, implying that sepsis induces
multiple independent triggers of cell death.(17–19,22) The activation of pro-apoptotic BH3-
only proteins makes them natural targets for therapeutics intended to decrease apoptosis.(19)
In this regard, we noted that both Bim-null and PUMA-null mice have a highly significant
decrease in apoptotic death of immune effector cells in sepsis.(19) Hence, methods to
recapitulate the genetic deletion of Bim and PUMA such as RNA interference might provide
similar beneficial effects.

After the discovery of RNA interference and small interfering RNA (siRNA) molecules that
mediate it, translational applications of siRNA based therapy were immediately realized and
this discovery has become an effective tool to “knockdown” genes of interest in a multitude
of research models.(23) Recently, researchers have demonstrated the efficacy of siRNA in
animal models of infectious disease, including sepsis.(24–27)

A critical challenge in the development of siRNA therapeutics has been the various obstacles
to delivery in vivo. Effective in vivo delivery of siRNA has been extremely difficult both in
terms of achieving intracellular delivery and release of the siRNA to permit efficacy and
minimizing delivery vehicle-related toxicity.(23) Naked siRNA is highly vulnerable to
circulating nucleases which render it ineffective. Liposomal delivery agents have shown some
successes in delivery to the liver but may carry with them unfavorable toxicity profiles.(28) A
siRNA delivery vehicle that appears to overcome these limitations is a targeted, cyclodextrin
polymer-based (RONDEL™) system developed by Calando Pharmaceuticals.(29) The three
delivery components condense the siRNA within nanocomplexes (which protect the siRNA
from nuclease degradation), stabilize them, and target them to transferrin receptors on target
cells, respectively. This delivery system is part of the first siRNA-containing drug candidate
for oncology to reach the clinic, CALAA-01, for which dosing initiated in 2008.

The purpose of the present study was to identify transcriptionally-regulated proapoptotic genes
in sepsis and to determine whether RNA interference targeting those genes individually or in
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combination could prevent sepsis-induced lymphocyte apoptosis. Quantitative real-time
polymerase chain reaction (qRT-PCR) was performed in splenic B and CD4 T cells obtained
from septic and sham mice to determine activation of death genes and to reveal potential targets
for siRNA-based therapy. Based upon the qRT-PCR findings and previous results, selected
anti-apoptotic siRNAs (alone and in combination) were tested for their ability to prevent sepsis-
induced death of immune cells when administered after the onset of sepsis. A novel, targeted,
cyclodextrin-containing polymer-based delivery agent was used for intracellular delivery of
the siRNAs.

Material and Methods
Cecal ligation and puncture (CLP) model of sepsis

6–8 week old male CD1 mice (22–28 g body weight) were purchased from Charles River
Laboratories and underwent CLP according to the protocol approved by the Washington
University Animal Studies Committee and as previously described.(30–32) Mice were
anesthetized with isofluorane and a midline abdominal incision was made. The cecum was
mobilized, ligated below the ileocecal valve, and punctured twice with a 25 gauge needle
resulting in a polymicrobial peritonitis. The abdominal wall was closed in two layers and the
mice received 1 mL of 0.9% saline s.q. for volume resuscitation. Each sham-operated mouse
had its cecum externalized but not ligated or punctured. All mice were allowed free access to
food and water throughout the study.

Tissue sampling for Spleen CD4+ T and B Cells
After excision, spleens were placed in 1 mL of culture medium (900 mL 1640-RPMI (GIBCO,
Carlsbad, CA), 50 mL fetal bovine serum, 10 mL HEPES (Invitrogen, Carlsbad, CA), 10 mL
non-essential amino acid (NEAA; Invitrogen), 10 mL Antibiotic/antimyotics (Invitrogen), 10
mL glutamax (Invitrogen), and 10 mL 2ME (360mL/L PBS; Sigma, St. Louis, MO)).
Splenocytes were disaggregated over nylon mesh filter and the splenocyte pellet was
resuspended in MACS buffer (PBS (phosphate buffered saline) pH 7.2, 0.4 % BSA (bovine
serum albumin), and 1mM EDTA). The cell suspension underwent ficoll gradient separation.
The WBC layer was diluted with MACS buffer to 10 mL at 4°C and cells were counted using
a Beckman Coulter Vicell A cell counter (Fullerton, CA) using trypan blue to determine the
percentage of live cells. CD4+ T and B cells were isolated as the flow-through of a magnetic
column using positive selection (MACS LS Columns #130-042-401, CD4+ T-cell and B-cell
Isolation Kit; #130-049–201 and #130-049-501, Miltenyi Biotec) and washed.
Immunomagnetic depletion-enriched CD4+ T and B cells were used for quantitative real time-
PCR (qRT-PCR) experiments. The purity of isolated resting CD4+ T and B cells was generally
>90%, as measured by fluorescence activated cell sorter (FACS) analysis.

Total RNA extraction and reverse transcription
Total RNA from spleen cells was isolated from the prepared tissues as described above using
a commercially-available kit (QIAshredder™ and RNeasy Mini Kit, Qiagen GmbH., Hilden,
Germany) following the manufacturer’s instructions. To avoid amplification of contaminating
genomic DNA, all samples were treated with ribonuclease-free deoxyribonuclease (Qiagen)
for 15 min. The quantity and purity of extracted RNA was measured with a spectrophotometer
(Spectronic BioMate 3 UV-Vis, Thermo Electron Co., Madison, WI). The quality of the
extracted mRNA was verified on an Agilent 2100 Bioanalyzer (Santa Clara, CA). Purified total
RNA was reverse-transcribed into cDNA using random primers.

Brahmamdam et al. Page 3

Shock. Author manuscript; available in PMC 2010 October 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Quantitative Real-time polymerase chain reaction (qRT-PCR)
qRT-PCR was performed at early (8 h) and late (18 h) time points after sepsis or sham surgery
to identify transcriptionally-regulated candidate genes involved in mediating apoptosis. The
reaction was performed in 96-well microtiter plates with an ABI Prism 7500 Sequence Detector
System. Primers and reagents were purchased from Applied Biosystems (Foster City, CA).
TaqMan glyceraldehyde-3-phosphate dehydrogenase (GAPDH) endogenous control reagent
was used as internal control for normalization. Cell threshold values for each gene were
determined and fold-induction in comparison to GAPDH was calculated. qRT-PCR results
were recorded for each gene as fold-change vs. sham. PCR products were evaluated by
dissociation curves to confirm single amplicons and the absence of significant primer-dimer
contamination.

Determination of Cellular Transferrin Receptor Expression
The cyclodextrin polymer-containing siRNA delivery vehicle employed in the present study
contains the human transferrin protein as a ligand to enhance cellular uptake. In order to
determine which classes of immune cells express the transferrin receptor (CD71), and thus are
more likely to have increased siRNA uptake, splenocytes from sham-operated (n=5) and septic
mice (n=6) were isolated ~24 h after surgery and CD71 expression on specific subsets was
measured using an anti-CD71 antibody (BD Biosciences, San Diego, CA). Fluorescence was
detected using BD FACScan.

Determining delivery of siRNAs to splenic immune cells via knockdown of green
fluorescence protein (GFP)

To confirm delivery of siRNA to splenic immune cells, mice transgenic for GFP in all nucleated
cells (stock# 004353) were obtained from Jackson Laboratories and injected via tail vein with
siRNA to GFP (100 µg per animal, Sigma-Aldrich, St. Louis, MO) 24 h and 48 h before tissue
harvesting. The siRNA was diluted in D5W to a concentration of 4 µg/µL, then an equal volume
of a solution containing delivery components (also in D5W) was added to formulate it, yielding
a final siRNA concentration of 2 µg/µL. This formulated siRNA solution was then further
diluted in D5W (1:1 vol:vol) to give a final injection volume of 100 µL. The siRNA was
delivered using a transferrin receptor-mediated, cyclodextrin-based polymer provided by
Calando Pharmaceuticals (Pasadena, CA). Adamantane is conjugated to one terminus of linear
PEG and the adamantine-PEG interacts with cyclodextrin non-covalently via inclusion
complex formation. This delivery agent has been tested in non-human primates and has been
shown to have minimal systemic toxicity.(29) Knockdown of GFP in various tissues splenic
subsets was determined by flow cytometry and compared to splenocytes harvested from GFP
mice receiving diluent only or a formulated inactive (non-coding) siRNA.

siRNA sequences and determination of siRNA knockdown in vitro
HeLa (human) and C2C12 (murine) cells were used to evaluate the potency of three different
MISSION® pre-designed siRNA constructs (Sigma-Aldrich) to Bim or to PUMA. After 24 h
of treatment with siRNAs, total RNA was extracted with the Gen Elute Mammalian Total RNA
kit (Sigma-Aldrich, St Louis, MO). Gene expression was determined by qRT-PCR. First
strands were synthesized using M-MLV reverse transcriptase (Sigma-Aldrich). Human or
mouse cyclophilin was used as the normalization control in subsequent quantitative analysis
for the HeLa and C2C12 cells, respectively. Primers and FAM labeled TaqMan probes were
used for target transcript analyses (Applied Biosystems). The PCR was performed on a
MX3000 instrument (Stratagene, La Jolla, CA). The program consisted of an initial reverse
transcription at 42°C for 15 min, denaturation at 94°C for 3 min, followed by 40 cycles of
amplification (denaturation at 94°C for 15 s, annealing and extension at 60°C for 1 min).
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Quantitation of intracellular pro-apoptotic proteins via flow cytometry
To verify that the anti-apoptotic siRNAs were acting by direct effects on target proteins,
intracellular Bim and PUMA were measured using flow cytometry. Harvested splenocytes
were fixed in1% paraformaldehyde and washed with Perm/Wash solution (BD Bioscience).
Primary rabbit anti-mouse antibody staining for Bim and PUMA (Cell Signaling) was done
overnight at 4°C. Cells were then washed and stained with the donkey anti-rabbit secondary
antibody and cell surface antibodies (CD3 for T cells, CD20 for B cells). CD3 was used as a
cell surface marker to identify more than one class of T cells that are important in sepsis, e.g.,
CD4+, CD8+, and gamma/delta T cells. Staining for CD3 allowed us to obtain a general picture
of the effect of siRNA therapy to all classes of T cells. Cells were analyzed for mean
fluorescence intensity via flow cytometry.

Treatment of septic mice with siRNA to BH3 family members
Mice received 100µL of diluent (sham and CLP) or siRNA (50µg per mouse) treatment at the
time of surgery via retro-orbital venous plexus injections. Treatment groups included sham
(n=6), CLP alone (n=9), siRNA to PUMA (n=9), siRNA to BIM (n=9), siRNA to both PUMA
and BIM (n=6), or a non-coding inactive siRNA (n=6). Mice receiving siRNA to both Puma
and Bim received 50µg of siRNA to each. All siRNA was formulated as described above.

Determination of efficacy of siRNA via quantification of absolute cell counts
In order to determine if anti-apoptotic siRNAs were effective in preventing sepsis-induced cell
death, absolute cell counts for various splenic subsets were quantitated. Approximately 24
hours post-surgery, mice were sacrificed and spleens were harvested for analysis. Splenocytes
were dissociated by gently pressing through a 70-µm filter and then washed. The total number
of viable cells (based upon exclusion of trypan blue) was determined using a Beckman-Coulter
cell counter. Splenocytes were also stained with fluorochrome-conjugated antibodies to cell
subset-specific surface markers (CD4 and CD8 for T cells, B220 for B cells) and the percentage
of the different cell subset was determined by flow cytometric analysis (BD FACScan).

Determination of efficacy of siRNA therapy via quantitation of apoptosis
To verify that the anti-apoptotic siRNAs were acting mechanistically to block sepsis-induced
cell death, apoptosis was quantified. Two independent methods, detection of active caspase-3
and TUNEL staining, were utilized as complementary methods. Cells were fixed in 1%
paraformaldehyde for 30 min at room temperature, washed, and permeabilized with 90%
methanol on ice for 30 min. Active caspase-3 was quantitated per the manufacturer’s
recommendations using antibodies to the cleaved fragment of caspase-3 (Cell Signaling,
catalog #9661, Danvers, MA). A secondary PE-labeled donkey anti-rabbit IgG antibody was
used to detect the primary antibody. Apoptosis was quantitated by the TUNEL method using
a commercially-available Apo-BrdU Kit (Phoenix Flow Systems, Inc., San Diego, CA) per the
manufacturer’s instructions. A secondary anti-biotin PE-labeled antibody was used for
detecting BrdU-labeled strand breaks. T cells were identified using CD3 cell surface marker,
and B cells were identified using CD20.

Quantitation of plasma cytokine levels
Due to the similarity of the structure of siRNA to viral RNA, siRNA treatment may elicit an
inflammatory response by activation of Toll-like receptors. To determine the effect of siRNA
on systemic inflammation, plasma cytokines were quantitated in CLP-induced septic and sham-
operated mice that were treated with siRNA to Bim (n=5 and n=3, respectively) or with vehicle
alone (n=5 and n=3, respectively). These were compared to septic and sham-operated mice
that were given diluent (n=5 and n=3, 12 respectively). Blood was obtained by cardiac puncture
in heparinized syringes at approximately 24 h post-treatment. Plasma was obtained by
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centrifugation and stored at −80°C. Levels of cytokines in plasma were quantitated using BD
FACS Array and the Inflammation Kit per the manufacturer’s recommendations. Samples were
run in duplicate. The cytokines examined and their respective lower limits of detection were
IL-10 (17.5 pg/mL), IL-6 (5 pg/mL), MCP-1 (22.7 pg/mL), TNF-α (7.3 pg/mL), IL-12p70
(10.7 pg/mL), and IFN-γ (2.5 pg/mL).

Statistical analysis
Data are reported as mean ± SEM. Data were analyzed with the statistical software program
PRISM (GraphPad, San Diego, CA, USA). One-way ANOVA with Tukey’s multiple
comparison post-test was used to compare three or more groups.

Results
Sepsis induces time-dependent expression of BH3 cell death genes

Mice subjected to CLP or sham surgery were sacrificed at 8 and 18 hours post-surgery and
CD4 T cells and B cells were isolated (n=3 per group). Then, using quantitative real-time PCR,
expression of selected genes involved in regulation of cell survival was determined. At 8 hours
post surgery, pro-apoptotic BIM was up-regulated in septic animals compared to sham-
operated in B cells (average relative quantification 2.07 ± 0.2 vs. 0.94 ± 0.05, p≤0.01 [Fig.
1a]). Bim expression returned to baseline by 18 hours post-surgery (Fig. 1b). PUMA expression
in B cells of septic animals was not significantly different compared to controls, however.

In CD4 T cells, Bim expression was also increased after 8 hours in septic vs. control animals,
and this also returned to baseline by 18 hours (3.02 ± 0.15 vs. 1.18 ± 0.31 at 8 hours, p≤0.01
[Fig. 2a]). In contrast, PUMA expression was increased early (1.65 ± 0.05 vs. 0.96 ± 0.08,
p≤0.01) in septic animals and remained elevated at 18 hours (3.44 ± 0.26 vs. 1.36 ± 0.18,
p≤0.01) when compared to sham-operated animals (Fig. 2). Notably, the gene for Programmed
cell death receptor - 1 (Pdcd-1) was up-regulated in both B and T cells early in sepsis. The role
of Pdcd-1 in sepsis is still unclear and further study is needed (see discussion).

Transferrin receptor (CD71) is broadly expressed on many immune effector cells
Flow cytometry showed that CD71 was expressed to a variable degree on all immune cell
subsets examined (Fig. 3). The highest expression of CD71 was on B cell and dendritic cells,
in which ~75–80% of cells were positive. Approximately 35% of monocytes/macrophages
from sham-operated mice expressed CD71 and this increased to ~60% with sepsis. NK, CD4,
and CD8 T cells had relatively lower levels of expression compared to other immune effector
cells; CD71 expression approached 25% of these populations.

siRNA to GFP decreases fluorescence intensity in splenic immune cells
CD4 T and B cells from transgenic GFP mice that were treated with siRNA to GFP showed
decreased GFP fluorescence as evidenced by the decrease in mean fluorescence intensity (MFI)
compared to mice treated with saline or non-coding siRNA in splenic immune effector cells
(Fig. 4). Note that the decrease in GFP fluorescence was greater in B vs. T cells, possibly
reflecting the fact that a higher % of B cells express the CD71 receptor thereby being more
likely to take up the formulated siRNA.

In vitro knockdown of Bim and Puma
Mouse C2C12 cells were treated with 3 different constructs of siRNA to either Bim or PUMA
to evaluate the relative potency of the individual siRNA constructs. Gene expression in cells
treated with the inactive non-coding siRNA (MOCK) was set at 100%. qRT-PCR shows a
significant decrease in proapoptotic gene expression in cells treated with the corresponding
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siRNAs (data not shown). siRNAs used for the in vivo work (the 1st construct of 3 different
designs, for both Bim and Puma) were effective in decreasing target gene expression by > 80%
in vitro.

siRNA to PUMA and Bim decrease cell protein expression in vivo during sepsis
Splenic T cells of septic mice treated with siRNA to PUMA had significantly less intracellular
PUMA compared to septic controls (Fig 5). Splenic T cells of septic mice treated with siRNA
to Bim also exhibited less intracellular Bim staining when compared to septic controls (Fig.
6). Septic animals treated with siRNA to both PUMA and Bim demonstrated lower levels of
both proteins in splenic T cells vs. non-treated septic mice (Figs. 5 and 6). The protein changes
in B cells of siRNA treated septic mice mirrored those seen in T cells (supplemental data). The
effect of the siRNA to decrease intracellular protein was also specific to its target, i.e., siRNA
to PUMA decreased PUMA but not Bim. Similarly, siRNA to Bim decreased Bim, but not
PUMA (data not shown).

siRNA to PUMA, Bim, or both in combination prevents splenic cell loss after sepsis
Initial studies comparing 50 µg and 100 µg doses of siRNA to pro-apoptotic BH3 proteins did
not show a dose dependence to their anti-apoptotic effect (data not shown). Therefore, a dose
of 50 µg of siRNA was selected for subsequent studies. Mice that received siRNA to PUMA
after CLP demonstrated significantly higher numbers of splenic CD4 T cells 24 h after surgery
than mice that received diluent, (11.9 ± 0.9 × 106 vs. 7.8 ± 1.0 × 106, p≤0.05 [Fig. 7]). Mice
that received siRNAs to both PUMA and Bim also had significantly higher numbers of
surviving CD4 T (13.7 ± 1.7 × 106, p≤0.01 [Fig. 7]) and B cells (29.9 ± 4.3 × 106, p≤0.01 [Fig.
8]) than septic controls. Mice treated with Bim siRNA had significantly higher number of B
cells survive after sepsis when compared to CLP alone (25.9 ± 2.9 × 106 vs. 13.4 ± 1.75 ×
106, p<0.01 [Fig. 8]). In other subtypes of splenocytes, there was a trend toward a larger number
of surviving cells but the data do not reach statistically significant levels (data not shown).

siRNA to PUMA and Bim in combination decreases splenic lymphocyte apoptosis
Splenic T and B cells of septic mice that were administered siRNAs to PUMA and Bim had
significantly lower percentages of cells that were positive for active caspase-3 and TUNEL
when compared to controls (Figs. 9 & 10). Mice that received siRNA to Bim had a lower
percentage of B cells positive for active caspase-3 and TUNEL compared to controls (Figs.
10). Similarly, mice that received siRNA to Bim had a decreased percentage of TUNEL positive
T cells after sepsis (Fig. 9). Treatment with PUMA siRNA alone did not significantly decrease
apoptosis in either splenic T or B cells (Figs. 9 & 10).

siRNA did not affect pro-inflammatory cytokine production in septic animals
Mice undergoing CLP have increased levels of pro-inflammatory cytokines TNF-α, IL-6, and
MCP-1, as noted previously.(32) These levels are not significantly different from mice treated
with siRNA or with the delivery agent alone. Neither siRNA, nor vehicle alone, affected
cytokine levels in animals undergoing sham operation (Fig. 11).

Discussion
The present results strongly support the potential powerful role of siRNA-based therapy in
infectious disease. Few studies have examined the ability of siRNA-based therapy to ameliorate
the pathogenic response that occurs during infection. Geisbert et al., found that siRNA to the
polymerase gene of Ebola virus was able to protect guinea pigs from a lethal dose of the virus.
(25) Sorensen and colleagues protected mice from a lethal dose of LPS by treating with siRNA
to TNF-alpha.(26) Two reports using siRNA in sepsis have been published. Wesche-Soldato
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et. al., reported that the hydrodynamic delivery of naked siRNA to Fas or caspase-8
administered after the onset CLP decreased apoptosis in hepatocytes and splenocytes and
improved survival.(27) Our laboratory reported that pre-treatment of mice with siRNA to Bim
delivered via a liposomal delivery agent protected against sepsis-induced lymphocyte
apoptosis and improved survival.(24) The current work extends findings from previous studies
by demonstrating that simultaneous targeting of two critical mediators of sepsis-induced
apoptosis is feasible. Inhibition of Bim and PUMA conjointly had a greater effect than
inhibiting either one alone as evidenced by the lower % of splenocytes that were positive for
active caspase-3 and TUNEL when compared to either siRNA to Bim of siRNA to PUMA
individually.

The current results are also of interest because they show that different cell death triggers may
be activated in different classes of immune cells during cells. For example, Bim was
upregulated in both T and B cells while PUMA was upregulated only in T cells. This finding
of differential up-regulation of cell death genes may be reflected in the fact that siRNA to Bim
but not siRNA to PUMA decreased splenic B cell apoptosis as determined by active caspase-3
and TUNEL. Other notable findings from the qRT-PCR studies were the dramatic rapid
increase in the gene for Programmed cell death receptor - 1 (Pdcd-1) in splenic T cells. Pdcd-1
is a relatively recently discovered negative costimulatory cell surface receptor expressed on T
cells.(34) Activation of the Pdcd-1 pathway induces anergic non-functional T cells and
dampens the immune response. Interestingly, microarray studies on CD4 T cells from patients
with trauma also demonstrated a marked increase in Pdcd-1, and the investigators postulated
that increased Pdcd-1 expression could be a mechanism for the immune dysfunction that
characterizes these patients.(35) The present data in sepsis are consistent with the results in
trauma and support the potential role of Pdcd-1 in the immune suppression that is a hallmark
of sepsis. We did not elect to use anti-Pdcd-1 siRNA based therapy in the present study because
Pdcd-1 is a cell surface receptor and therefore it is more easily targeted using an antibody-
based approach; such studies are currently underway.

The present study highlights the fact that during sepsis multiple triggers of cell death, e.g., Bim
and PUMA, are induced. Bim is induced by a number of stimuli including cytokine withdrawal
and oxidative stress.(36,37) PUMA is a key activator of p53-mediated apoptosis and is induced
by nuclear injury, such as occurs during radiation, and may occur during sepsis.(38,39) We
have previously shown that siRNA to Bim decreased apoptosis in polymicrobial sepsis.(24)
In the present study we demonstrated that siRNA to PUMA also prevented sepsis-induced
death of immune effector cells. Furthermore, results suggest that there is an advantage to
targeting both PUMA and Bim in that the combination of both was able to decrease apoptosis
in both T and B cells by two different detection methods. We have shown that Bim knockout
mice have extensive protection against apoptosis (17), and others have shown that lymphocytes
that lack Bim are resistant to chemotherapeutics and cytokine deprivation.(36,37) Bim has been
shown to be crucial for prevention of autoimmunity by removal of superfluous hematopoietic
cells (37), whereas loss of PUMA does not lead to the same buildup of cells during
hematopoiesis.(39) PUMA knockout does render T cells resistant to apoptotic stimuli such as
γ-irradiation and cytokine deprivation.(38,39) The above findings may explain why
knockdown of Bim more effectively blocks apoptosis in sepsis compared to PUMA. Targeting
both Bim and PUMA allows for coverage of the two most potent BH3-only proteins.

Another important finding was the ability of the cyclodextrin polymer-based, transferrin-
mediated delivery system to effectively deliver siRNAs to immune effector cells. The results
showing decreased GFP fluorescence in total splenocytes including CD4 T cells and B cells
(Fig. 4) following in vivo administration of siRNA to GFP are particularly impressive given
the well-recognized resistance of lymphocytes to siRNA uptake.(40–43) The decrease in
intracellular concentrations of PUMA and Bim protein using their respective siRNAs (Figs. 5
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& 6) strongly supports the contention that this delivery system is effective. Furthermore,
previous studies have shown that this vehicle has minimal toxicity after repeated doses in non-
human primates.(29) The present results demonstrate that siRNA can be delivered in sepsis
using this delivery system without noticeable off-target effects - there was no significant
difference in pro-inflammatory cytokines between mice receiving either siRNA or the vehicle
alone versus septic controls (Fig. 11). Currently, work is being done in our lab using phage
display to identify targets on CD4 T cells and dendritic cells that would be more specific to
those classes of cells in order to enhance delivery.

The ability to deliver siRNAs to selected classes of immune cells may represent a major
advance in infectious disease. Work from numerous groups has shown that cells of the innate
and adaptive immune system rapidly die by apoptotic cell death during infection due to myriad
of diverse pathogens, including, Gram-negative and Gram-positive bacteria, fungae, and
viruses.(3) The death of the cells severely compromises the ability of the host to mount an
effective immune response. For example, particular micro-organisms have an early propensity
to target host phagocytic cells for death thereby preventing the host from eliminating the
invading pathogens.(3) Thus, delivery of anti-apoptotic siRNAs that maintain immune cell
viability could result in improved survival and several groups have studies consistent with this
hypothesis.(24,27)

One potential limitation of anti-apoptotic based therapy in sepsis should be noted. Recent
evidence indicates that cell death is more complex than originally appreciated. Multiple
pathways of cell death may be activated in single dying cells and cross talk between the cell
death pathways exists. Thus, blocking apoptosis may in some instances lead to an alternative
form of cell death such as necrosis or autophagy.(44) Another potential limitation to siRNA
therapy is the duration of response. Before any clinical applications are attempted, the duration
of the response to treatment with siRNA will also have to be determined. In vitro, inactive non-
dividing cells siRNA treatment can have an effect that lasts up to two weeks, but in rapidly
dividing cells this effect is limited by how often the cell divides and may be as short as 24–48
hours in duration.(23)

In summary, the present results demonstrate that sepsis induces multiple triggers of apoptosis
that are specific to different classes of immune cells. The safe and effective simultaneous
delivery of anti-apoptotic siRNAs to selected classes of immune cells including CD4 T and B
cells is possible using a cyclodextrin polymer-based, transferrin targeted delivery system.
siRNA-based anti-apoptotic therapy offers great promise in modulating the survival of host
immune cells that are critical to the elimination of selected pathogens.
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Figure 1. A and B. Quantitation of messenger RNA in B cells 8 and 18 hours after sepsis
Each gene shown is quantified relative to levels of sham operated mice. We show here that
Bim expression is increased early when compared to sham (* p≤0.01) and then returns to sham
levels by 18 hours (0.92 ± 0.1). PUMA expression in B cells was not affected by sepsis. Notably,
expression of Pdcd-1 is markedly up-regulated early in sepsis (**p≤0.05).
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Figure 2. Quantitation of messenger RNA in CD4 T cells at 8 and 18hrs after sepsis
Each gene shown here is quantified relative to levels in sham operated mice. Bim expression
is increased early in sepsis (3.02 ± 0.15 vs. 1.18 ± 0.31, * p≤0.01) but decreases by 18 hrs.
PUMA is upregulated in T cells during sepsis at both 8 (**p≤0.01) and 18 hours (***p≤0.01)
during sepsis. Interestingly, Pdcd-1 is upregulated in CD4 T cells at 8 and 18 hours after sepsis
(†p≤0.01). Fas-L is also upregulated early in sepsis (†† p≤0.05) but by 18 hours has returned
to baseline levels.
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Figure 3. Tranferrin Receptor (CD71) Expression on Immune Effector Cells during Sepsis
Transferrin Receptor expression was measured on splenocyte subsets after sham (n=5) and
CLP (n=6). The proportion of cells positive for transferrin receptors remains, for the most part,
constant between different cell types despite the onset of sepsis.
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Figure 4. Knockdown of GFP in Splenic Immune Cells
B (B220+) cells and CD4 T cells of GFP transgenic mice treated with siRNA to GFP show
decreased mean fluorescence intensity when compared to untreated GFP mice. Each curve
represents one mouse. The data are representative of n=3 studies.
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Figure 5. A and B siRNA to PUMA decreases intra-cellular PUMA expression in Splenic T cells
Splenic T cells of septic mice treated with siRNA to PUMA or PUMA and Bim in combination
have decreased intracellular levels of PUMA when compared to controls (mean fluorescence
intensity 9.80 ± 0.13 and 11.7 ± 0.7 vs. 25.7 ± 0.9, n=3 in each group *p<.001). P+B are data
from mice treated with both siRNA to PUMA and Bim. NC, mice treated with non-coding
siRNA.
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Figure 6. A and B siRNA to Bim decreases intracellular Bim expression in T (CD3+) cells after
Sepsis
Splenic T cells of septic mice treated with siRNA to Bim or the combination of PUMA and
Bim show a decrease in intracellular staining for Bim (mean fluorescence intensity 79.6 ± 3.5
and 68.3 ± 3.9 vs. 104.8 ± 5.9, n=3 in each group, * p≤0.05, **p≤.01). P+B are data from mice
treated with siRNA to PUMA and Bim. NC, mice treated with non-coding siRNA.
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Figure 7. Absolute splenic T cell counts in septic mice after siRNA treatment
Mice receiving siRNA to PUMA and siRNAs to both PUMA and Bim had significantly higher
number of CD4+ splenocytes when compared to mice undergoing CLP alone (*p<0.05,
**p<0.01).
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Figure 8. Absolute Splenic B cell counts in septic mice after siRNA treatment
Mice receiving siRNA to Bim and to PUMA and Bim in combination had a significantly higher
number of surviving B cells after CLP induced sepsis when compared to septic controls (*p<.
01).
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Figure 9. A and B Quantitation of Apoptosis in Splenic T cells
Mice receiving siRNA to a combination of PUMA and Bim had less T (CD3) cells that were
positive for active caspase 3 and TUNEL than septic controls (Caspase 3 = 7.07 ± 0.6 vs. 11.37
± 1.08, * p≤0.05; TUNEL = 11.89 ± 2.2 vs. 19.54 ± 1.7, * p≤0.05). Mice treated with siRNA
to Bim had significantly less CD3+ T cells that were positive for TUNEL than septic controls
( 11.63 ± 0.93, ** p≤0.01).
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Figure 10. A and B Quantitation of Apoptosis in Splenic B cells
Mice treated with siRNA to Bim have a decreased percentage of B (CD20) cells that are positive
for active Caspase 3 and TUNEL when compared to septic controls (Caspase 3 = 8.41 ± 0.73
vs. 12.55 ± 0.62, * p≤0.05; TUNEL = 11.37 ± 1.2 vs. 18.93 ± 1.8, **p≤0.01). Mice treated
with siRNA to the combination of PUMA and Bim had similar results when compared to septic
controls (Caspase 3 = 7.84 ± 0.7, *p≤0.05; TUNEL = 10.43 ± 1.8, **p≤0.01).
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Figure 11. Systemic cytokine profiles of mice treated with siRNA
Mice treated with siRNA to Bim do not show significant differences in the levels of
proinflammatory cytokines such as IL-6, TNF-α, and MCP-1. Treatment with the delivery
vehicle alone does not alter the cytokine profile in either septic or sham-operated animals.
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