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Abstract
Background—Males with pancreatic cancer have decreased survival compared with females.
Interestingly, perioperative blood transfusions have been shown to reduce survival in patients with
pancreatic adenocarcinoma. Recent evidence incriminates blood transfusions from female donors
as a causative factor in acute lung injury. We therefore hypothesize thatmalemice with pancreatic
cancer will have greater tumor progression than female mice in response to transfusion.

Methods—Mice previously inoculated with pancreatic cancer cells received an intravenous
injection of acellular plasma collected from single donor erythrocytes from either male or female
donors. Control mice received an equal volume of intravenous saline. Necropsy to determine
metastasis was performed in female mice at 4 wk status post-transfusion. The male group
necessitated sacrifice at 3 wk post-transfusion due to clinical deterioration.

Results—Male mice developed more metastatic events than female mice, and this was
accentuated when receiving blood from female donors. Male mice experienced weight loss within
2 wk of tail vein injection, and three mice in the male transfused groups died secondary to
malignancy. Female mice did not manifest substantial weight loss, and did not die in the study
time period.

Conclusion—Male mice, compared with female, had significantly more metastatic events
following transfusion of plasma from stored erythrocytes in an immuno-competent murine model
of pancreatic adenocarcinoma. Moreover, the adverse effect of transfusion was augmented with
female donor blood. These data are consistent with clinical outcomes from centers of excellence in
treating pancreatic cancer and warrant further investigation.
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INTRODUCTION
Transfusion of autologous packed red blood cells (pRBCs) has been invoked in the
pathogenesis of adverse outcome in multiple clinical settings, including following resection
of malignancies [1–3]. In 1973, it was first observed that kidney transplant recipients who
received autologous pRBCs had improved graft survival, which was presumed to be due to
an immunosuppressive effect [4]. Ultimately this immune suppression was termed
transfusion related immunomodulation (TRIM) [5]. In 1981, Gantt hypothesized that TRIM
in cancer patients undergoing tumor resection could cause an increase in cancer growth [6].
Whether due to immune modulation or direct effects of other mediators in pRBCs on tumor
growth and progression, it is generally believed that blood transfusions hasten cancer related
death.

More than 150 studies have been conducted to determine the effect of blood transfusion on
cancer progression [7]. Retrospective studies matching clinically important prognostic
factors, such as stage and operative difficulty, have shown that patients receiving blood
transfusion have more cancer recurrence and worse survival than those who do not receive
blood [1, 2, 8]. Furthermore, it has been shown that transfusion requirement is not simply a
surrogate marker of stage [1].

When specifically examining pancreatic adenocarcinoma, it has been shown that patients
undergoing pancreaticoduodenectomy have better outcomes when they do not receive blood
transfusion [9]. Similar deleterious effects of transfusions were seen with resection of
periampullary cancers [10]. In these studies, blood transfusion was an independent negative
prognostic indicator.

Despite many studies, however, it has been difficult to elucidate the precise role of
transfusion in cancer recurrence possibly due to diversity of tumors, patient specific factors,
transfusion requirements, and blood storage practices. Our laboratory has utilized an
immunocompetent murine metastatic pancreatic cancer model [11] that controls for tumor
burden, genetic diversity within the host, operative trauma, and the amount of blood
transfused. We have previously shown with that blood products promote tumor cell
migration and metastasis using an immunocompetent murine model [12, 13].

Provocatively, two seminal reports have recognized gender differences in long-term
outcome following curative resection of pancreatic cancer. In a study of neoadjuvant
chemoradiotherapy for adenocarcinoma of the pancreas, the survival duration was greater
for women than men [14]. Similarly, in a study of long-term survival of patients with
pancreatic cancer, nine of the 12 patients who survived 5 y or longer were female [15].

Gender differences in donor blood have been proposed to play a role in the pathogenesis of
transfusion related acute lung injury (TRALI) [16]. Patients receiving female donor fresh
frozen plasma (FFP) have been observed to have a higher incidence of TRALI [17].
Although the exact mechanism is unclear, differences are speculated to be due to anti-white
blood cell (WBC) antibodies and anti-human leukocyte antigen (HLA) antibodies produced
from alloimmunization of multiparous female donors [18–20]. In fact, a policy change in
which 90% of FFP was taken from male donors in Britain resulted in a reduction from 15.5
cases of TRALI per million units of FFP to 3.2 cases per million units [21]. Congruent
results were seen in patients undergoing repair of ruptured abdominal aortic aneurysms in
which the incidence of TRALI decreased after female plasma was excluded [22].

Based on these data, we hypothesize that in a murine model of metastatic pancreatic cancer,
there will be gender differences in cancer progression, and that these differences will be
accentuated by gender-specific donor pRBCs transfusion.
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METHODS
Plasma Preparation from Stored pRBCs

Plasma was obtained from stored packed red cells as previously described [12]. After
obtaining informed consent under a protocol approved by the Colorado Multi-Institutional
Review Board, 450 mL of whole blood was collected from healthy male and female donors
per American Association of Blood Banks (AABB) criteria [23]. The whole blood was
separated into components and the packed red blood cells underwent prestorage leuko-
reduced (LR) by filtration using a Pall BPF4TM leuko-reduction filter. These units were
stored per AABB Guidelines for 42 d [24]. Samples from these pRBCs units were obtained
via sterile couplers, and the plasma was separated by centrifugation [23]. Following plasma
isolation a second spin (12,500 g for 5 min) was performed to remove acellular debris [25].
Plasma was aliquoted and stored at −80°C.

Metastatic Immunocompetent Murine Model of Pancreatic Cancer
Animal experiments were performed using the acellular plasma portion of leukoreduced
(LR) pRBCs on day 42 (D.42) of storage from male and female donors. All murine studies
were carried out according to the guidelines of the American Association for Accreditation
of Laboratory Care and had IACUC approval at the University of Colorado at Denver. Mice
underwent splenic injection of 2.5 × 105 GFP expressing Pan02 [26] cells as previously
described [11], wherein a small left upper quadrant incision is made and the spleen is gently
exteriorized such that Pan02 cells can be injected subcapsularly into the spleen using a 30
gauge needle. Mice (n = 4 or 5 per group) were randomized 1 wk post-tumor injection to
receive a lateral tail vein (LTV) injection of saline, D.42 LR male donor plasma extract, or
D.42 LR female donor plasma extract. Based on volume analysis of pRBCs, it is estimated
that a 70 kg patient receives approximately 1 mL/kg of acellular plasma extract per 1 U
blood transfusion; thus all animals were given a dose of 1 ml/kg of this acellular plasma
diluted into 100 μL of saline. Mice were clinically followed, weighed 3 times per week and
sacrificed 5 wk after the splenic injection of tumor cells. The male mice began to clinically
decline and several died approximately 3 wk after the receipt of blood product, which
necessitated their early sacrifice of males 1 wk prior to the planned sacrifice at 4 wk post-
tumor cell injection. Necropsy was performed and extent of disease was quantified noting,
visible metastatic disease, tumor size, and sequelae. Necropsy was performed by two
individuals blinded to randomization (DB, CCB). Lesions were examined under blue light
(485 nm) to confirm presence of GFP tumor cells. Visceral obstruction was assessed by of
dilated viscera proximal to GFP positive implants.

Statistical Analysis
The data are expressed as mean ± the standard error of the mean. One-way ANOVA testing
was performed to determine the significance of observed differences. Fisher’s PLSD was
performed for post hoc comparisons. Statistical significance was determined at P < 0.05.

RESULTS
Animal Weight Change

Mice were weighed three times per week following orthotopic injection of tumor cells. Male
mice initially had weight gain, and then all groups began to lose weight at approximately 1.5
to 2 wk status post-tail vein injection (Fig. 1). Female mice gained weight for 2 wk
following blood product transfusion and, in contrast, did not have subsequent weight loss
(Fig. 2).
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Mortality
The male mice that received transfusion of the acellular portion of pRBCs from either
female or male donors began to deteriorate 3 wk after transfusion. Two male mice that
received male donor blood products died from bowel obstruction secondary to tumor
metastasis on d 15 and d 19 post-transfusion. One male mouse that received female donor
blood died on d 17 post-transfusion from the same cause. By contrast, there were no deaths
in the female mice or the male mice receiving normal saline.

Metastatic Events
Metastatic events were determined by necropsy at 4 weeks post tail vein injection for female
mice and 3 weeks post tail vein injection for male mice due to early mortality (Fig. 3). Male
mice had significantly more metastatic events than did female mice in the two experimental
groups that received the acellular plasma fraction from male or female donors (P <0.05).
The augmented tumor progression appeared to be accentuated by transfusion of female
blood, although this was not statistically significant. There was no difference seen between
male and female mice that received normal saline (P = 0.5).

DISCUSSION
Although several large clinical studies suggest a negative impact of transfusion on mortality
for patients with pancreatic cancer, the exact mechanism by which perioperative blood
transfusion affects the progression of pancreatic cancer remains unclear [9,10]. Clinically, it
is difficult to separate the effects of transfusion requirement from tumor burden, and patients
display heterogeneity in both tumor biology and stage that can confound results.
Furthermore, designing a randomized trial to assess the effects of blood transfusion on
cancer progression is ethically problematic.

Using a model that controls for tumor burden, genetic variability, operative stress, and
transfusion quantity, this study demonstrates that the transfusion of stored pRBCs promotes
gender-specific augmentation of murine pancreatic cancer metastasis. Male mice
experienced more extensive cancer progression compared with female mice following
transfusion of blood products. Clinically, male mice appeared to deteriorate more rapidly
and demonstrated considerable weight loss. Additionally, three male mice receiving pRBCs
transfusions died secondary to cancer-related bowel obstruction while no female mice died.
The observed worsened outcome in male mice mirrors the phenomenon seen in human
pancreatic cancer patients, in which females appear to survive longer than males [14, 15].
Additionally, transfusion of female plasma appears to accentuate the observed discrepancy
in metastasis between the male and female mice. Although this was not a statistically
significant finding in this study, it merits further investigation, as this could affect clinical
guidelines on blood procurement and transfusion.

Although a mechanism is yet to be uncovered, the observed gender differences in pancreatic
cancer progression may be due in part or in whole to hormonal differences between male
and female mice; alternatively, this may be due to protein differences in female blood or
differences in Micro chimerism between male and female blood products [27, 28]. Previous
authors have demonstrated that pancreatic parenchyma is gender steroid-dependent [29],
expresses multiple androgen receptors [30], and that androgen blockade may potentially
play a role in pancreas cancer therapy [31]. Based on these data, various clinical changes
could enhance survival in male pancreatic cancer patients who require perioperative
transfusions. If in fact estrogen levels are involved in the protective effect seen in women,
then pharmacologic interventions could potentially be implemented in male patients such as
estrogen replacement therapy. Conversely, antiandrogen therapy with either flutamide or
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LHRH antagonists might be effective if testosterone is playing a role in pathogenesis of
tumor progression [31].

Error Discussion
These studies represent initial investigations of sexual dimorphism in transfusion-related
pancreas cancer progression and despite the ability of the model to control for several
important clinical factors, including genetic variability of patients, tumor inoculum,
transfusion volume, and operative stress, there are multiple issues that will need to be further
examined. The use of interspecies transfusion is problematic, although previous work by
Silliman et al. examining the role of this acellular plasma fraction on promoting TRALI [32]
has not demonstrated untoward inflammatory effects. It should be noted that very recently a
model has been developed to store mouse blood that will potentially allow murine–murine
transfusion, although a downside of this model is the significant number of mice that must
be sacrificed in order to obtain the stored blood [33]. Although sex hormone differences
appear to be a cogent explanation for the observed differences in these experiments, there is
a paucity of data regarding sex hormones within stored blood. Clearly, there have been
differences in observed outcomes (TRALI) in patients receiving male versus female blood
product as mentioned [21, 22], and these mere observations were enough to institute
transfusion policy changes in England regarding FFP with significant clinical benefits.
Beyond sex hormones, there is the possibility that protein differences [27], or even
microchimerism from transfusion [28], may play a significant role in the differences in
tumor progression that we observed. Finally, these experiments were performed using a
single cancer cell line, which may reflect idiopathic peculiarities of these cells. Despite the
difficulties with the model, it is not the first preclinical model to demonstrate untoward
effects of blood transfusion- previous work has been done using a metastatic murine
fibrosarcoma model [34], and this model of pancreas cancer metastasis has been well
established [35–37]. In sum, we believe these results reflect the current clinical situation of
patients with pancreatic adenocarcinoma receiving perioperative transfusion, and warrant
further investigation.
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FIG. 1.
Male mice previously inoculated with pancreatic cancer cells that receiving normal saline,
male donor blood, or female donor blood transfusions initially showed weight gain, but
began to lose weight and clinically decline around d 11–15.
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FIG. 2.
Female mice previously inoculated with pancreatic cancer cells experienced overall weight
gain after transfusion of male donor blood, female donor blood, and normal saline.
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FIG. 3.
Male mice developed more metastatic events than female mice following transfusion of
either male or female donor blood. No significant difference was observed observed in the
control groups that received normal saline injections.
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