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Abstract
Background—In cancer patients, allogeneic blood transfusion is associated with poorer prognosis,
but the independent effect of the transfusion is controversial. Moreover, mediating mechanisms
underlying the alleged cancer promoting effects of blood transfusion are unknown, including the
involvement of donors’ leukocytes, erythrocytes, and soluble factors.

Method—Two syngeneic tumor models were used in Fischer 344 rats, the MADB106 mammary
adenocarcinoma and the CRNK-16 leukemia. Outcomes included host ability to clear circulating
cancer cells, and host survival rates. The independent impact of blood transfusion was assessed, and
potential deleterious characteristics of the transfusion were studied, including blood storage duration,
the role of erythrocytes, leukocyte, and soluble factors, and the kinetics of the effects.

Results—Blood transfusion was found to be an independent and significant risk factor for cancer
progression in both models, causing up to four-folds increase in lung tumor retention, and doubling
mortality rates. Blood storage time was the critical determinant of these deleterious effects, regardless
of whether the transfused blood was allogeneic or autogenic. Surprisingly, aged erythrocytes (9 days
and older), rather than leukocytes or soluble factors, mediated the effects, which occurred in both
operated and non-operated animals. The effects of erythrocytes transfusion in the MADB106 model
emerged immediately, and dissipated within 24 hours.

Conclusions—In rats, transfusion of fresh blood is less harmful than transfusion of stored blood
in the context of progressing malignancies. Further studies should address mediating mechanisms
through which erythrocytes’ storage-duration can impact the rate of complications while treating
malignant diseases and potentially other pathologies.
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Introduction
Throughout the history of medicine, the beneficial outcomes of allogeneic blood transfusion
have been coupled with adverse reactions, including host responses to incompatible red cell
determinants, infections, and transfusion-associated immune modulations 1,2. Notably,
patients receiving blood transfusion prior to organ transplantations have long been reported to
exhibit improved graft and patient survival 3,4. With additional research it became evident that
allogeneic leukocytes present in the transfused blood often suppress host cellular immune
responses, particularly those mediated by T lymphocytes and natural killer (NK) cells 5,6. This
suppression is believed to underlie reduced host-anti graft responses 7, and increased patients
susceptibility to infections 1,5,6 2.

Cancer progression was also suggested to be affected by blood transfusion. Animal studies
conducted by Blajchman et al. elegantly indicated a cancer-promoting effect of allogeneic
blood transfusion, employing various animal models. These studies also suggested the
involvement of recipients’ cellular immune mechanisms in mediating these effects 8–10. In
humans, the majority of retrospective and some prospective studies have indicated poorer
prognosis in cancer patients receiving allogeneic blood transfusion during the perioperative
period. These findings were reported in patients harboring gastric, colorectal, lung, head, neck,
prostate, and breast cancers 1,11. This suggests the generalizability of the findings, irrespective
of cancer type or specific hospital routine.

However, given ethical considerations in human studies, it cannot be determined whether blood
transfusion per se, during the perioperative period, is an independent risk factor for
postoperative cancer recurrence. It is feasible that the circumstances necessitating blood
transfusion, rather than the transfusion itself, underlie such outcomes 1,7,11,12. Randomized
clinical trials that were performed compared different regimens of transfusion, including
leukocytes depletion vs. non depletion. Thus, these trials could not have assessed the role of
blood constituents that cannot be removed from the transfusion, specifically red blood cells
(RBC), and could not have indicated the independent impact of the transfusion as a whole.

An additional unresolved issue is the potential role of donors’ leukocytes in mediating cancer
progression in transfused patients. Whereas allogeneic leukocytes were implicated in
mediating various adverse effects of blood transfusion, there is no conclusive evidence that
they can worsen cancer progression 1. A large randomized clinical trial comparing leukocytes-
containing to leukocytes-depleted regimens concluded that allogeneic leukocytes have no
effect on colorectal cancer recurrence, as both conditions showed similar decline in survival
rates compared to non-transfused patients 13. Other studies have similarly reported no
beneficial effects of leukodepletion in cancer patients 14.

In the current study we aimed at addressing some of the unavoidable shortcomings of human
studies. Specifically, we (i) tested whether blood transfusion is an independent risk factor for
cancer progression, (ii) studied the impact of indispensable blood constituents, including RBC,
and (iii) studied the impact of blood storage duration in allogenic and autogenic transfusion.
To this end, we employed two non-immunogenic tumor lines syngeneic to the F344 rat used
herein: the MADB106 mammary adenocarcinoma, and the CRNK-16 leukemia. We tested
cancer progression by monitoring rats’ ability to clear circulating cancer cells and by assessing
survival rates. The impact of blood transfusion in the context of surgery was also studied.
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Materials and Methods
Animals and counterbalancing

F344 rats (females or males) were purchased from Harlan Laboratories (Jerusalem, Israel), and
housed four per cage under 12-h light/12-h dark cycle with free access to food and water.
Animals were acclimatized to the vivarium for at least 4 weeks before experimentation and
were 12 to 20 weeks old at that time. In any given experiment, all animals were of the same
age and sex. To minimize experimental stress, all rats were handled daily for 3 days before
each study. The order of blood transfusion, and tumor injection was counterbalanced across
groups in each experiment. Control animals were transfused with saline or syngeneic fresh
blood. Donors were 6 months old male Wistar (allogenic) or F344 rats (syngeneic/autogenic)
housed under the same conditions. The characteristics of the donors (age, sex, etc.) were
counterbalanced across recipient groups. All studies were approved by The Institutional
Animal Care and Use Committee of Tel Aviv University (Tel-Aviv, Israel), and performed in
accordance with relevant guidelines and regulations.

Blood collection, preparation of blood constituencies for transfusion, and storage
Donor rats were overdosed with halothane, and approximately 18 ml of blood from each Wister
rat (allogenic blood) or 11 ml of blood from each inbred F344 rat (syngeneic/autogenic blood)
was drawn from the heart into syringes containing citrate-phosphate dextrose solution with
adenine (Sigma, Rehovot, Israel) (1:7 citrate: blood v/v). For preparation of packed cells,
blood was centrifuged for 20 min at 850 g, the supernatant was disposed, and the remaining
packed cells were stored at 4°c. For leukoreduction, the serum fraction and the leukocyte
buffy coat were removed following centrifugation by manual pipette aspiration. Remaining
leukocytes were then counted in each sample before transfusion. To separate leukocytes from
RBC before storage, we first used a modified ficoll-paqueplusplus (Amersham biosciences,
Uppsala, Sweden) separation procedure. Specifically, 10 ml blood was diluted with equal
volume of saline, and placed on 12ml of ficoll-paque solution in 50 ml tubes. Samples were
centrifuged for 10 min at 750 g, and the layers above the RBC, which contained most of the
leukocytes, were collected. Leukocytes remaining on top of the RBC fraction were removed
manually by a pipette, which also removed approximately 20% of the RBC volume that was
discarded. Leukocytes and RBC were then washed 3 times in 40 ml phosphate buffered saline
and stored as packed cells. All procedures were conducted under sterile conditions. Unlike
standard ficoll-paque separation procedures, this procedure enables collecting most of the
leukocytes, including granulocytes. Fluorescence-activated cell sorting analysis and
hemocytometric assessment indicated that the harvested leukocytes contained 70%-90% of
original leukocytes number, including all leukocytes subpopulations. The RBC fraction
contained less 10 % of the original leukocyte number, including all leukocytes subpopulations.
For leukodepletion – to thoroughly remove leukocytes from the blood we used high efficiency
leukocyte removal filters (Pall Purecell NR) (Pall, Portsmouth, United Kingdom) that are
routinely used clinically and known to reduce leukocytes by a factor greater than 105. Using
these filters, we routinely inspected for remaining leukocyte and were able to verify that at
least 99.99% of leukocytes were removed.

Transfusion of blood constituencies, and tumor inoculation
Immediately before transfusion, blood constituents (i.e., packed cells, only RBC, only
leukocytes, only supernatant from stored packed cells) were filtered through a 40 μm
membrane, to remove or break up potential aggregates. F344 rats were anesthetized with
halothane (vaporizer, 2.5%) and a 24GA i.v. cannula was inserted into the tail vein. A standard
3 ml volume containing different quantities and fractions of saline-diluted blood constituents
was slowly transfused during a 10 min period. Three ml of saline containing the same quantities
of citrate-phosphate dextrose solution with adenine as in the transfused constituent was used
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for control transfusion. Unless otherwise indicated, the transfusion content originated from 3
ml of the donor’s blood. Tumor cells were inoculated at the end of this 10 min period through
the i.v. cannula (except in the first experiment, in which tumor was given at different time
points).

Tumor cell lines and tumor models
MADB106 tumor line—MADB106 is a selected variant cell line obtained from a pulmonary
metastasis of a mammary adenocarcinoma chemically induced in the inbred F344 rat 15. The
MADB106 tumor metastasizes only to the lungs following it intravenous inoculation, and is
known to be sensitive to NK cells activity in vivo 15–19. Following intravenous inoculation
of MADB106 tumor cells, metastases are formed only in the lungs, and lung tumor retention
of MADB106 cells is an early indicator of this outcome 15,17,18. Cell were maintained at 5%
CO2, 37°C, 100% humidity, in monolayer cultures in complete medium (RPMI 1640
supplemented with 10% heat-inactivated fetal calf serum, 50 μg/ml gentamicin, 2 mM L-
glutamine, 0.1 mM non-essential amino acids and 1 mM sodium pyruvate). Cells were
separated from the flask using 0.25% trypsin.

Radiolabeling of MADB106 cells and assessment of lung tumor retention—DNA
radiolabeling of tumor cells was accomplished by adding 0.4 μCi/ml of 125Iododeoxyuridine
to the growing cell culture 1 day before harvesting the cells. 4×105/kg labeled MADB106
tumor cells in 0.5 ml of phosphate buffered saline were injected into the tail vein under
halothane anesthesia. Tumor cells were always administered immediately following
transfusion (excluding the first study), and twenty-one hours after tumor inoculation, rats were
euthanized with halothane, and their lungs were removed and placed in a γ-counter for
assessment of radioactive content. The percentage of tumor retention was calculated as the
ratio between radioactivity measured in the lungs and total radioactivity in the injected tumor
cell suspension. Our previous studies have indicated that the levels of lung radioactivity reflect
the numbers of viable tumor cells in the lungs 17.

CRNK-16 tumor cells—The CRNK-16 cell-line is derived from a naturally occurring
leukemia that is highly malignant and is a major cause of natural death in aged F344 rats 20.
CRNK-16 cell line was maintained in complete medium at 100% humidity, 5% CO2 at 37°C.

Inoculation of CRNK-16 cells and assessment of survival—Under halothane
anesthesia, 60 CRNK-16 cells were injected into a rat tail vein in 0.5 ml of phosphate buffered
saline immediately following blood transfusion. Beginning a week following tumor
inoculation, rats were daily inspected for morbidity. Specifically we euthanized rats that
became indifferent or irresponsive to environmental stimuli, that showed motor difficulties, or
that lost more than 10% of their body weight. We inspected euthanized rats for the development
of solid tumors in internal organs (specifically spleen, liver, kidney, and all organs in the chest
cavity) or spinal cord, and identified a malignant development in all morbid rats. Based on our
experience with this tumor model 19, these malignancies characterize a progressive stage of
this cancer, causing death in the approximating 24–48 hours. Thus, these animals are included
in the mortality report, and were considered to have died on the next day. No morbidity was
detected past day 82, and rats were inspected until day 112. None of the survivors showed any
signs of illness throughout the study.

Surgical procedure (laparotomy)
Anesthesia was induced with halothane and maintained at a concentration of 2–3%. After hair
trimming and scrubbing with alcohol, a four-centimeter midline abdominal incision was
performed, and the small and large intestines were externalized and covered with phosphate
buffered saline-soaked gauze. Before closing, the intestines were repositioned, and the skin
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and muscle were closure in one layer with 4 or 5 sutures. The procedure requires 20 min to
conduct.

Statistical analysis
For the MADB106 experiments, analysis of variance was conducted, using % lung tumor
retention as the dependent index. Provided significant group-differences existed, two-side
protected least significant difference contrasts for pair-wise group comparisons were used.
Data is always presented as mean ± SEM. For the CRNK-16 survival study, the Kaplan-Meier
model was used for survival analysis, followed by the pair-wise two tailed Tarone-Ware test
of group comparisons. For all experiments, a p value of less than 0.05 was considered
significant and all p values were two-tailed. StatView 5.0 (Cary, NC) statistical package was
used for statistical analysis.

Results
Immediate and short-lasting effect of blood transfusion

To test whether and for how long blood transfusion can affect the clearance of MADB106
tumor from the lungs, allogenic blood stored as packed cells for 12 days (or saline for control)
was transfused at 24, 4, 1 or 0 hr before MADB106 tumor cells inoculation, or 1 hr after tumor
inoculation. Blood transfusion significantly increased % lung tumor retention up to 5 fold
compared to saline transfusion (p < 0.05) when given at all time points (e.g., from 0.055 ±
0.012 to 0.259 ± 0.044, at the 0 hr time point) (p < 0.05), except when given 24 hr before the
tumor, in which blood transfusion did not cause any elevation in lung tumor retention (and no
significant effect) (fig. 1). This indicates an immediate and short-lasting deleterious effect of
blood transfusion on this index of cancer progression.

Effect of storage interval and histocompatibility
To test whether different storage intervals and histocompatibility influence the effect of blood
transfusion, allogenic or autogenic blood were stored as packed cells for 0, 3, 9, 12, or 14 days
before transfusion. Blood of either allogeneic or syngeneic origin stored for 9 days or longer
significantly increased % lung tumor retention (p < 0.05) in a storage-time dependent manner
compared to saline transfusion (e.g., saline = 0.150 ± 0.015, 0 days storage = 0.120 ± 0.013,
and 14 days storage = 0.501 ± 0.082) in the allogeneic transfusion) (p < 0.05) (fig. 2). Fresh
blood, allogeneic or syngeneic, had no deleterious effect.

Effects of cellular and soluble fractions
To determine whether the effects in the previous two studies are mediated by stored cells of
the transfusion, or by soluble factors secreted by them, we tested each component separately.
Aliquots of allogenic packed cells stored for 14 days were used to extract the supernatant, the
cellular fraction without the supernatant (following three washes), or were reconstituted in
saline before transfusion (packed cells). The results indicated that packed cells as well as the
washed cellular fraction (washed packed cells) significantly increased % lung tumor retention
(p < 0.05) more than 3 fold (e.g., from Saline = 0.068 ± 0.005 to Washed packed cells = 0.226
± 0.049) (p < 0.05), whereas soluble factors in the supernatant had no deleterious outcome (fig.
3). The study was replicated twice yielding the same results.

RBC but not leukocytes mediate the impact of blood transfusion on MADB106 lung tumor
retention

To assess the role of RBC and distinguish it from leukocytes, we used three approaches. In the
first, we conducted leukoreduction in some but not in other allogeneic blood samples before a
14-day storage period. Increasing quantities of leuko-reduced RBC and similarly handled non-
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leuko-reduced packed cells were transfused and compared to saline and to untouched packed
cells. The results clearly indicated that the number of leukocytes was not the factor that
predicted the deleterious effects of the transfusion, but rather the volume of transfused RBC,
irrespective of whether leukoreduction was conducted. Most illustrative is the comparison
between the transfusion of the highest RBC volume in the leukoreduction groups, and the
transfusion of the lowest RBC volume in the non-leukoreduction groups (indicated in fig. 4 by
the horizontal lines). These two groups had the same number of leukocytes (fig. 4A), but the
first showed a 5-fold increase in lung tumor retention (from Saline = 0.113 ± 0.025 to 2250μl
= 0.584 ± 0.103) (p < 0.05), whereas the second showed a non significant 1.3-fold effect (to
0.153 ± 0.048) (fig. 4B). These findings suggest that RBC volume, rather than leukocyte
number, determine the deleterious effects we observed thus far.

To further negate the role of leukocytes we employed a second approach in which we directly
assessed the impact of isolated allogeneic leukocytes transfusion. Leukocytes were separated
before a 14-day storage period, and compared to similarly stored packed cells and to saline.
Fluorescent activated cell sorter analysis indicated that the transfused leukocytes contained all
their subpopulations. The results indicated that stored leukocyte transfusion did not cause any
increase in % lung tumor retention (fig. 5A), while packed cells caused an approximately 3-
fold increase (from Saline = 0.205 ± 0.023) to Packed cells = 0.588 ± 0.060) (p < 0.05). These
findings negate a role for stored leukocytes (or factors they secrete) in mediating the metastasis-
promoting effects evident herein.

Last, to validate the critical role we ascribed to RBC, we took a third approach that relies on
administering RBC thoroughly depleted of leukocytes. To this end we used the standard clinical
procedure of filter-based pre-storage leukodepletion that eliminated more than 99.99% of
leukocytes (see “Materials and Methods”), and compared it to packed cells and to saline
transfusion. The results indicated that both the leukodepleted RBC (mean = 1.036 ± 0.152) and
the packed cells (mean = 1.173 ± 0.124) caused approximately 3-fold increase in % lung tumor
retention compared to saline (mean = 0.398 ± 0.121) (p < 0.05) (fig. 5B).

The effects of RBC transfusion in the context of surgery and blood loss
To start testing the relevance of our finding to the clinical setting, we also studied the impact
of stored RBC transfusion in the context of surgery and blood loss. Animals either underwent
laparotomy or were only anesthetized, and were further subdivided and transfused during
surgery/anesthesia with pre-storage (14-day) leukodepleted packed cells (only RBC) or with
saline. Just before transfusion, 1 ml of blood was withdrawn from all rats by cardiac puncture.
The results indicated that RBC transfusion increased MADB106 lung tumor retention in both
operated and non operated rats (fig. 6). In fact, beyond the already elevated risk caused by
surgery itself (from 0.356 ± 0.041 to 0.702 ± 0.125), RBC transfusion caused greater increase
in lung tumor retention in operated rats (mean = 2.169 ± 0.316) compared to non-operated rats
(mean = 0.912± 0.158), as indicated by a significant interaction between blood transfusion and
surgery (two-way analysis of variance indicated significant main effects of surgery (F(1,40) =
13.3, p < 0.05) of transfusion (F(1,40) = 21.2, p < 0.05), and a significant interaction (F(1,40) =
4.3, p < 0.05).

Effect on survival in the CRNK-16 tumor model
To investigate the effects of blood transfusion in the CRNK-16 tumor model, allogeneic blood
was either separated to the RBC and the leukocytes fractions, or was not separated, and stored
for 14 days as packed cells. Rats were transfused with stored leukocytes, stored packed RBC,
or stored packed cells, and were compared to rats transfused with fresh syngeneic (autogenic)
packed cells and to rats not transfused. Each transfusion originated from 6 ml of blood and was
given in the standard 3 ml volume. The results indicated that both RBC and packed cells
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transfusion significantly reduced survival rates (fig. 7) (p < 0.05). On the other hand, the
leukocyte transfusion group was very similar to the two control groups (fresh autologous
transfusion, and no transfusion), falling between them. These findings using CRNK-16
leukemia model support our previous results in the MADB106 model indicating that the stored
RBC, but not stored leukocytes (or substances they secrete), are responsible for the deleterious
effects of stored blood transfusion.

Discussion
The leading hypothesis regarding the deleterious impact of blood transfusion on cancer
progression considers allogeneic leukocytes to be the major mediating agent 7,11. Accordingly,
leukodepletion is a common prophylactic procedure 7. Here, for the first time, we show that
in two animal models donors’ RBC, rather than leukocytes or soluble factors, can be a critical
constituent underlying the cancer promoting effects of blood transfusion. We further show that
these effects of RBC critically depend on the duration of blood storage, irrespective of donors’
histocompatibility. Specifically, in our models both autologous and allogeneic blood
transfusions increased cancer progression when stored for more than nine days, whereas fresh
blood, allogeneic or syngeneic, had no deleterious effects. Storage is known to result in the
deterioration of RBC 21, which we believe substantially contributed to their evident cancer
promoting effects.

The medical context of blood transfusion in cancer patients and the involvement of immunity
in the potential deleterious effects of the transfusion should be considered when evaluating the
clinical relevance of this study. In cancer patients, blood is often transfused around the time of
excising the primary tumor. As was recently reviewed by others and us, this perioperative
period is characterized by numerous processes that induce an abrupt elevation in the risk for
the outbreak of preexisting micrometastases and the seeding of new metastasis 22. Most
relevant to our framework, malignant tissue is notoriously non-cohesive, and surgical
procedure often disrupts the neoplasm or its vascularization, leading to a release of tumor cells
into the circulation 23,24. As a matter of fact, recent studies indicate that most cancer patients
harbor single cancer cells after the removal of the primary tumor 25. In the current study, the
two tumor models used simulate the presence of circulating cancer cells, as well as a sudden
elevation in the risk of cancer progression in conjunction with blood transfusion. A second
aspect of tumor-host interaction that is relevant to the context of blood transfusion is the role
of cellular immunity, particularly T cells and NK cells, in controlling minimal residual disease
25. Many primary tumors evolve to become non-immunogenic, or develop other escape
mechanisms to evade adaptive immunity. Cytotoxic T cells and NK cells have been reported
to interact with the malignant tissue along this process, to restrict metastases, and to play a role
in eradicating residual cancer after the primary tumor has been removed 26–29. In the current
study, the two tumor models used are non-immunogenic, and sensitive to the in vivo activity
of NK cells 15,17–19, an important aspect of innate immunity. Further supporting the potential
role of NK cells in the current study are the findings that the cancer-promoting effects
commence immediately upon RBC transfusion and without prior exposure to the tumor. Thus,
if immunity is involved, it is innate immunocytes, which can react immediately upon first
encounter with tumor cells 16. Overall, the tumor models used herein and the study of RBC
transfusion to operated rats reflect important aspects characterizing the clinical setting of blood
transfusion in cancer patients, and the potential relevance of innate cellular immunity (e.g.,
NK cells) in eliminating residual cancer cells.

It is questionable whether tumor models, even the most advanced, can indeed simulate the
prolonged and complex processes of human cancer evolvement and interactions with the
patient immune system and other physiological constituents. Therefore, animal studies
employing tumor models can only suggest mechanisms and potential clinical outcomes, and
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these suggestions should eventually be tested in humans. The tumor models that we have used,
each has its advantages and shortcomings. The MADB106 experimental metastasis model does
not entail a primary tumor, hens its shortcoming as a model. However MADB106 tumor cells
are well characterized with respect to susceptibility to specific immunocytes (e.g., NK cells)
15,17,18, and the time course of this susceptibility (up to 24 hr postinoculation) 17. Thus it is
used herein to suggest immune mediation of the effects, and their exact time dependency. This
model is also used to simulate the final stages of tumor extravagation and survival in a target
organ. In fact, the lung tumor retention of MADB106 cells is an early indicator of the number
metastases to be formed in the lungs weeks later, as indicated with respect to the effects of NK
depletion, ethanol intoxication, adrenergic and prostaglandin challenges, and the impact of
surgery, 15,17,18,30–32. The second tumor model used herein, the CRNK-16 leukemia, may
be considered as having greater clinical relevance with respect to blood-born tumor
progression. The CRNK-16 line originated from a naturally occurring leukemia that is highly
malignant and is the major cause of natural death in senescent F344 rats. As is common in
many human malignancies, this tumor expresses low levels of major histocompatibility
complex-I, and do not evoke effective immunological memory 19. Thus, the herein orthotopic
implantation of CRNK-16 tumor cells enable the in vivo study of cancer progression in a
biologically relevant setting, which may also bear clinical significance.

Stored or deteriorating RBC transfusion may impact blood-born cancer progression via
numerous mechanisms, immunological or non-immunological. The involvement of host
immune mechanisms was suggested by several studies 9,33, but the specific mediating
potential of donor RBC was not addressed. It could be hypothesized that deteriorating RBC,
which were reported to alter membrane determinants 21, may preoccupy host innate immune
effector cells, leaving tumor cells unattended. Provided that as few as 0.1% of the transfused
RBC would become targets to host immunocytes, these RBC will outnumber residual/
circulating tumor cells by several order of magnitude, and will probably outnumber relevant
host immunocytes. This would dramatically reduce the chances that a host immunocyte would
interact with a residual tumor cell and eliminate it. A nonexclusive hypothesis may address the
role of host cytokines and hormones. Deteriorating RBC are approached and eliminated by
host splenic and hepatic leukocytes that also control the host milieu of various soluble factors
34. Specifically, following blood transfusion there is a reduction in splenocyte secretion of
IL-2, and elevation in monocytes-derived systemic levels of prostaglandin E2 35,36. Both
perturbations are known to suppress cellular immunity, NK cells in particular 30,37. Last, it is
noteworthy that both hypotheses presented in this paragraph are equally relevant to autologous
and allogenic deteriorating RBC, which indeed did not differ in their deleterious effects in the
current study.

Several limitations of our study should be considered. As already noted, animal models of
cancer cannot be expected to simulate the much longer and perhaps more complicated course
of cancer evolvement and progression in humans. The tumor models used herein simulate only
some aspects of human host-cancer interactions, involving some, but not other relevant immune
and non-immune mechanisms. Additionally, our outcomes are focused on relatively short-term
consequences of blood transfusion, with the exception of survival rates in animals challenged
with the CRNK-16 leukemia. With respect to the transfused blood, although both human and
rat RBC were reported to deteriorate during storage in citrate-phosphate dextrose solution with
adenine, rat RBC exerted quicker alterations in several parameters 38. Thus, the exact time
course of storage-dependent deleterious effects should be studied in human blood. Last, it was
beyond the scope of the current study to reveal molecular mediating mechanisms of the
deteriorating RBC in rats or in humans. Therefore, more studies are needed in order to better
understand the phenomenon and devise optimal prophylactic approaches.
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The clinical implications of our results could, nevertheless, be significant. Although RBC
transfusion can not be altogether avoided, the use of freshly drawn blood should be tested in
cancer patients. Further research in animal models and in cancer patients is required to
determine mediating mechanisms, specifically the role of host innate immunity, the cytokine
response, and non-immunological mechanisms. Other animal studies implicated allogenic
leukocytes in promoting cancer progression. However, unlike in the current study, in these
earlier studies blood was transfused several days before or several days after exposure to the
tumor 9,10, and thus these earlier studies are likely to reflect different mediators. Taken
together, different mechanisms could be involved and may impact different aspects of host-
tumor interactions in different time frames. Irrespective of mediating mechanism, we suggest
that donors’ leukocytes might not be responsible for every adverse outcome of blood
transfusion, and that the universal procedure of leukodepletion may not be sufficient to
overcome the deleterious effects of blood transfusion in cancer patients. Long-stored RBC
should be studied as a potential risk factor in cancer and non-cancer patients. A combined
approach employing leukodepletion in freshly drawn blood may prove to be a safer alternative
in the context of oncological surgeries, as well as in other surgeries involving high risk of
infection and complications, and thus deserves further clinical studies.

Acknowledgments
Financial support: Support was provided solely by NIH/NCI CA125456 grant (S. B-E) and by a grant from the Israel
Science Foundation (S. B-E), Jerusalem, Israel.

References
1. Klein HG. Immunomodulatory aspects of transfusion: a once and future risk? Anesthesiology

1999;91:861–5. [PubMed: 10485799]
2. Vamvakas EC. Why have meta-analyses of randomized controlled trials of the association between

non-white-blood-cell-reduced allogeneic blood transfusion and postoperative infection produced
discordant results? Vox Sang 2007;93:196–207. [PubMed: 17845256]

3. Opelz G, Sengar DP, Mickey MR, Terasaki PI. Effect of blood transfusions on subsequent kidney
transplants. Transplant Proc 1973;5:253–9. [PubMed: 4572098]

4. Opelz G, Vanrenterghem Y, Kirste G, Gray DW, Horsburgh T, Lachance JG, Largiader F, Lange H,
Vujaklija-Stipanovic K, Alvarez-Grande J, Schott W, Hoyer J, Schnuelle P, Descoeudres C, Ruder H,
Wujciak T, Schwarz V. Prospective evaluation of pretransplant blood transfusions in cadaver kidney
recipients. Transplantation 1997;63:964–7. [PubMed: 9112348]

5. van Twuyver E, Mooijaart RJ, ten Berge IJ, van der Horst AR, Wilmink JM, Kast WM, Melief CJ, de
Waal LP. Pretransplantation blood transfusion revisited. N Engl J Med 1991;325:1210–3. [PubMed:
1922208]

6. Jensen LS, Andersen AJ, Christiansen PM, Hokland P, Juhl CO, Madsen G, Mortensen J, Moller-
Nielsen C, Hanberg-Sorensen F, Hokland M. Postoperative infection and natural killer cell function
following blood transfusion in patients undergoing elective colorectal surgery. Br J Surg 1992;79:513–
6. [PubMed: 1611441]

7. Blajchman MA. Transfusion-associated immunomodulation and universal white cell reduction: are we
putting the cart before the horse? Transfusion 1999;39:665–70. [PubMed: 10413271]

8. Shirwadkar S, Blajchman MA, Frame B, Singal DP. Effect of allogeneic blood transfusion on solid
tumor growth and pulmonary metastases in mice. J Cancer Res Clin Oncol 1992;118:176–80.
[PubMed: 1548281]

9. Blajchman MA, Bardossy L, Carmen R, Sastry A, Singal DP. Allogeneic blood transfusion-induced
enhancement of tumor growth: two animal models showing amelioration by leukodepletion and
passive transfer using spleen cells. Blood 1993;81:1880–2. [PubMed: 8461473]

10. Bordin JO, Bardossy L, Blajchman MA. Growth enhancement of established tumors by allogeneic
blood transfusion in experimental animals and its amelioration by leukodepletion: the importance of
the timing of the leukodepletion. Blood 1994;84:344–8. [PubMed: 8018929]

Atzil et al. Page 9

Anesthesiology. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



11. Vamvakas EC, Blajchman MA. Deleterious clinical effects of transfusion-associated
immunomodulation: fact or fiction? Blood 2001;97:1180–95. [PubMed: 11222359]

12. Busch OR, Hop WC, Marquet RL, Jeekel J. Blood transfusions and local tumor recurrence in
colorectal cancer. Evidence of a noncausal relationship. Ann Surg 1994;220:791–7. [PubMed:
7986147]

13. Houbiers JG, Brand A, van de Watering LM, Hermans J, Verwey PJ, Bijnen AB, Pahlplatz P, Eeftinck
Schattenkerk M, Wobbes T, de Vries JE, klementschitsch P, van de Mass AHM, van de Velde CJM.
Randomised controlled trial comparing transfusion of leucocyte-depleted or buffy-coat-depleted
blood in surgery for colorectal cancer. Lancet 1994;344:573–8. [PubMed: 7914960]

14. van de Watering LM, Brand A, Houbiers JG, Klein Kranenbarg WM, Hermans J, van de Velde C.
Perioperative blood transfusions, with or without allogeneic leucocytes, relate to survival, not to
cancer recurrence. Br J Surg 2001;88:267–72. [PubMed: 11167879]

15. Barlozzari T, Leonhardt J, Wiltrout RH, Herberman RB, Reynolds CW. Direct evidence for the role
of LGL in the inhibition of experimental tumor metastases. J Immunol 1985;134:2783–9. [PubMed:
3871818]

16. Curtis JL, Punturieri A. Enhancing antitumor immunity perioperatively: a matter of timing,
cooperation, and specificity. Am J Respir Cell Mol Biol 2003;28:541–5. [PubMed: 12707008]

17. Ben-Eliyahu S, Page GG. In vivo assessment of natural killer cell activity in rats. Prog
Neuroendocrineimmunology 1992;5:199–214.

18. Ben-Eliyahu S, Page GG, Yirmiya R, Taylor AN. Acute alcohol intoxication suppresses natural killer
cell activity and promotes tumor metastasis. Nature Med 1996;2:457–60. [PubMed: 8597957]

19. Avraham R, Inbar S, Rosenne E, Ben-Eliyahu S. Autologous control of a highly malignant syngeneic
CRNK-16 leukemia in the rat: a role for NK cells. Cancer Immunol Immunother 2006;55:1348–57.
[PubMed: 16465528]

20. Reynolds CW, Bere EW Jr, Ward JM. Natural killer activity in the rat. III. Characterization of
transplantable large granular lymphocyte (LGL) leukemias in the F344 rat. J Immunol 1984;132:534–
40. [PubMed: 6197459]

21. Offner PJ. Age of blood: does it make a difference? Crit Care 2004;8 (Suppl 2):S24–6. [PubMed:
15196318]

22. Shakhar G, Ben-Eliyahu S. Potential prophylactic measures against postoperative
immunosuppression: could they reduce recurrence rates in oncological patients? Ann Surg Oncol
2003;10:972–92. [PubMed: 14527919]

23. Eschwege P, Dumas F, Blanchet P, Le Maire V, Benoit G, Jardin A, Lacour B, Loric S.
Haematogenous dissemination of prostatic epithelial cells during radical prostatectomy. Lancet
1995;346:1528–30. [PubMed: 7491049]

24. Yamaguchi K, Takagi Y, Aoki S, Futamura M, Saji S. Significant detection of circulating cancer cells
in the blood by reverse transcriptase-polymerase chain reaction during colorectal cancer resection.
Ann Surg 2000;232:58–65. [PubMed: 10862196]

25. Ben-Eliyahu S. The promotion of tumor metastasis by surgery and stress: Immunological basis and
implications for psychoneuroimmunology. Brain Behav Immunol 2003;17:27–36.

26. Brittenden J. Natural killer cells and cancer. Cancer 1996;77:1226–43. [PubMed: 8608497]
27. Godfrey DI. NKT cells: facts, functions and fallacies. Immunol Today 2000;21:573–83. [PubMed:

11094262]
28. McCoy JL, Rucker R, Petros JA. Cell-mediated immunity to tumor-associated antigens is a better

predictor of survival in early stage breast cancer than stage, grade or lymph node status. Breast Cancer
Res Treat 2000;60:227–34. [PubMed: 10930110]

29. Taketomi A, Shimada M, Shirabe K, Kajiyama K, Gion T, Sugimachi K. Natural killer cell activity
in patients with hepatocellular carcinoma: a new prognostic indicator after hepatectomy. Cancer
1998;83:58–63. [PubMed: 9655293]

30. Yakar I, Melamed R, Shakhar G, Shakhar K, Rosenne E, Abudarham N, Page GG, Ben-Eliyahu S.
Prostaglandin e(2) suppresses NK activity in vivo and promotes postoperative tumor metastasis in
rats. Ann Surg Oncol 2003;10:469–79. [PubMed: 12734098]

31. Shakhar G, Ben-Eliyahu S. In vivo beta-adrenergic stimulation suppresses natural killer activity and
compromises resistance to tumor metastasis in rats. Journal of Immunology 1998;160:3251–8.

Atzil et al. Page 10

Anesthesiology. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



32. Melamed R, Rosenne E, Shakhar K, Schwartz Y, Abudarham N, Ben-Eliyahu S. Marginating
pulmonary-NK activity and resistance to experimental tumor metastasis: suppression by surgery and
the prophylactic use of a beta-adrenergic antagonist and a prostaglandin synthesis inhibitor. Brain
Behav Immunol 2005;19:114–26.

33. Gantt CL. Red blood cells for cancer patients. Lancet 1981;2:363. [PubMed: 6115133]
34. Gilsanz F, De La Serna J, Molto L, Alvarez-Mon M. Hemolytic anemia in chronic large granular

lymphocytic leukemia of natural killer cells: cytotoxicity of natural killer cells against autologous
red cells is associated with hemolysis. Transfusion 1996;36:463–6. [PubMed: 8693514]

35. Francis DM. Relationship between blood transfusion and tumour behaviour. Br J Surg 1991;78:1420–
8. [PubMed: 1773314]

36. Chung M, Steinmetz OK, Gordon PH. Perioperative blood transfusion and outcome after resection
for colorectal carcinoma. Br J Surg 1993;80:427–32. [PubMed: 8192723]

37. Gallucci RM, Meadows GG. Ethanol consumption suppresses the IL2-induced proliferation of NK
cells. Toxicol Appl Pharmacol 1996;138:90–7. [PubMed: 8658518]

38. d’Almeida MS, Jagger J, Duggan M, White M, Ellis C, Chin-Yee IH. A comparison of biochemical
and functional alterations of rat and human erythrocytes stored in CPDA-1 for 29 days: implications
for animal models of transfusion. Transfus Med 2000;10:291–303. [PubMed: 11123813]

Atzil et al. Page 11

Anesthesiology. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. Blood transfusion increases MADB106 lung tumor retention when transfused in close
time proximity to tumor inoculation
% of lung tumor retention (mean± SEM) in rats transfused at several time point before
MADB106 tumor inoculation (-24, -4, or -1 hours), simultaneously with tumors (0), or 1 hr
after tumor inoculation (+1) compared to corresponding saline transfusion. n = 44, 3–6 per
group. * indicates significant pair-wise difference from the same time point saline control group
(protected least significant difference, p < 0.05).

Atzil et al. Page 12

Anesthesiology. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Both allogeneic and autogenic blood transfusions increased lung tumor retention in a
storage time-dependent manner
% of lung tumor retention (mean± SEM) in rats transfused with saline, allogeneic blood
(Allotransfusion), or autogenic blood (autotransfusion) that were stored for various durations
as packed cells. * indicates significant pair-wise difference from the saline control group
(protected least significant difference, p < 0.05). n = 104, saline & 9 days 12–14 per group,
other groups 4–8.
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Figure 3. Cells but not supernatant of stored blood increase MADB106 lung tumor retention
% of lung tumor retention (mean± SEM) in rats transfused with 14-days stored packed cells,
post-storage washed packed cells, post-storage supernatant from packed cells (supernatant),
or saline. n = 22, 4–8 per group. * indicates significant pair-wise difference from the saline
control group (protected least significant difference, p < 0.05).
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Figure 4. Red blood cell (RBC) cell volume, but not leukocyte number, determines the metastasis
promoting effects of the transfusion
(A) Numbers (mean± SEM) of leukocytes per a transfusion containing 0, 0.75, 1.5, or 2.25 ml
of RBC (diluted in saline to a standard 3 ml volume). Transfusions were conducted following
14-day storage of leukoreduced or non-leukoreduced packed cells. Notice that the two groups
contrasted by the horizontal bar have similar number of leukocytes but different RBC volume.
(B) % of MADB106 lung tumor retention (mean± SEM) in the different groups. Notice that
the same two groups contrasted are significantly different from each other in tumor retention
(indicated by **, protected least significant difference, p < 0.05), although having the same
number of leukocytes (A). * indicates significant pair-wise difference from the respective
saline control group (protected least significant difference, p < 0.05). n = 67, 6–10 per group.
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Figure 5. Leukocytes do not increase MADB106 lung tumor retention, whereas leukodepleted red
blood cells (leukodepleted packed cells) do increase it
% of lung tumor retention (mean± SEM) in rats transfused with: (A) Packed cells, but not
leukocytes significantly increased tumor retention. n = 24, 6–9 per group. (B) Both packed
cells and leukodepleted-packed cells (only red blood cells) significantly increased tumor
retention. n = 21, 6–8 per group. * indicates significant pair-wise difference from the respective
saline control group (protected least significant difference, p < 0.05).
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Figure 6. Stored leukodepleted packed cells (red blood cells - RBC) increase MADB106 lung tumor
retention in operated rats more than in non-operated rats
% of lung tumor retention (mean± SEM) in rats undergoing or not undergoing surgery, and
transfused with stored leukodepleted packed cells (RBC) or with saline. Surgery significantly
increased % of lung tumor retention, and blood transfusion further increased it, causing a
significantly greater impact in operated than in non-operated animals (p < 0.05). n = 44, 7–9
no surgery groups, 14–16 surgery groups.
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Figure 7. Transfusion of stored blood, specifically stored red blood cells (RBC), reduced survival
rates in CRNK-16-derived leukemia
Transfusion of stored packed cells and transfusion of stored leukodepleted packed cells (only
RBC) significantly reduced survival rates (Tarone-Ware test, p < 0.05), while transfusion of
leukocytes or fresh autogenic packed cells had no effect. * indicates significant pairwise
difference from the control group. n = 163, 28–39 per group.
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