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Abstract

Natural existence of cancer killing activity (CKA) predominantly in granulocytes was first discovered in the cancer-resistant mice (SR/CR mice) and later in humans.
The in vitro assay conditions for CKA are different from the conventional cytotoxicity assays. An experimental therapy based on the transfusion of the collected
human granulocytes from the healthy donors as the direct therapeutic agent was conceptualized previously. In this perspective, the findings of our ongoing studies are
summarized in hope to help clinicians who may be interested in testing the efficacy of donor granulocytes for treating cancer. Granulocyte CKA is expected to play
a protective role against cancers in humans and is affected by factors, such as age, stress, seasonality, nutrients, BCG and irradiation etc. Based on our recent findings
that all the target cells tested so far have negative charges on the surface whereas normal cells are charge-neutral on the surface, we propose that the negative surface

charge is the cellular property targeted by granulocytes which are the only cells with positively-charged surfaces.

Introduction

Granulocytes are the most abundant leukocyte type well known
for its major role in defense against bacterial infection. Although
they are often observed in cancer lesions, their roles in the immunity
against cancer had always been controversial. Nevertheless, most
studies on this topic were done in cancer patients where no protective
function of any immunity against cancer is expected. The involvement
of granulocytes in anti-cancer immunity at a decisive level was
serendipitously discovered in our lab in 1999 [1]. One of normal
BALB/c mice unexpectedly survived the otherwise lethal injection of
sarcoma 180 (S180). The opportunity of studying this resistance came
when such a profound survivability against injection of lethal cancer
cells turned out to be a germline transmissible dominant phenotype.
The colony lasted for 15 years in our lab and is still being kept at another
European lab [2]. Further studies demonstrated that granulocytes are
solely responsible for the entire cancer-resistance by directly killing
cancer cells and can be transferred to other mice to cure established
malignancies [3]. The resistance was not limited to just sarcoma cells,
but also other lethal cancer cell lines [4].

Based on these in vivo observations, we confirmed the cancer cell
killing activity in vitro by showing that it is only present in the cancer-
resistant mice but not normal mice. This simple in vitro assay is unique
in comparison to conventional cell killing assay in which release of
radioactive materials from pre-labeled target cells was measured to
determine the level of cells killed. But conventional assays were done
in 4 hours. For our assay, any adherent cancer cells can be used as the
target. After incubation of at least 24 hours with non-adherent effector
cells, the live cells still attached to the culture surface are determined as a
percentage of the control in which no effector cell is added and all target
cells are alive [3,5]. Based on the in vivo difference between the cancer-
resistant mice and normal mice, the conditions of the assay in terms of
co-incubation time, co-incubation temperature, the co-culture media
and the choice of target cells were fine-tuned to reflect the phenotype
of cancer-resistance in mice. In other words, the assay condition is set
to be able to determine which mouse is cancer-resistant or not. So far,
while being able to detect significant CKA in the cancer-resistant SR/
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CR mice, no CKA has been detected in wild-type mice. It is apparent
that this assay is able to reflect the cancer-resistant phenotype via the
leukocytes collected from the peritoneum after mobilization. CKA was
also detected in other cell populations of the resistant mice, primarily
in the macrophage fraction, but at much lower level of specific activity.
Once the assay is established to screen the cancer-resistant mice by using
mouse cancer cells as targets, it was then the time to address the question
whether there were humans having a similar CKA in their leukocytes.

Definition of CKA

It is not possible now to challenge humans with live cancer cells
to find out who is cancer-resistant and who is not. It was done several
decades ago but drew severe ethical concerns [6-8]. It is possible,
however, that a blood test can be used to screen humans for an activity
similar to that of the cancer-resistant mice. Our in vitro assay could be
easily adapted into a simple blood test to determine the level of CKA
in human leukocytes. First, leukocytes could be easily purified from
human peripheral blood and be further separated into the fractions
of granulocytes, monocytes, and lymphocytes. Second, there are
numerous cell lines of human cancers from nearly all tissue/organ
origins available as target cells. The relative levels of CKA are defined
by the percentage of target cells killed by effector cells at designed
effector:target cell ratios (for each assay in our lab, E:T are routinely at
3:1, 10:1 and 20:1) after 24 hours of co-culture at 39°C. For example,
20% killing at 3:1, 50% killing at 10:1 and 70% killing at 20:1 can be
used to make sure that CKA levels are proportional to E:T ratios.
Additionally, the killing percentage at each E:T ratio can be compared
to that of another individual to determine the relative level of CKA
between individuals. The co-culture temperature is set at 39°C instead
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of 37°C because granulocytes function better and are more consistent
at a high temperature that mimics fever.

Distribution of CKA among different subtypes of
leukocytes

As a routine, specific CKA levels of 3 E:T ratios are measured in
both granulocyte fraction and mononuclear cell fraction that contains
monocytes and lymphocytes. In healthy individuals, the specific CKA
level is nearly always higher in the granulocyte fraction than the
mononuclear cell fraction, which is consistent with the observations in
the SR/CR mice. Given the fact that granulocytes are the most abundant
leukocytes in the peripheral blood, ranging from 45-70% of the total
circulating leukocytes, they possess over 85% of total CKA. However,
we noticed that the specific CKA level is higher in mononuclear cell
fraction than in granulocyte fraction in about 15% of cancer patients.
The clinical significance of this reversion in CKA distribution is still
under study but maybe caused by the use of chemotherapies that affect
granulocytes more significantly than mononuclear cells. It is apparent
that the naturally-existing CKA is present predominantly in the
granulocytes of healthy humans.

Target cells of CKA assay

Initially, we used human cervical cancer cell line, Hela cells, as the
target cells. Later we extend the target cells to other human cancer cell
lines. Our results show that each individual has significantly different
CKA levels against different cancer cells lines, ranging from breast
cancers, prostate cancers and other types of cancer tested so far (Figure
1). For example, the granulocytes collected from one individual at 10:1
E:T ratio have 60% CKA against Hela cells but have 25% CKA against
MD231. Another individual has 40% CKA against Hela and 50% CKA
against MD231. These results suggest that the best strategy for selecting
the most efficient granulocytes for killing a specific type of cancer may
need to target a panel of cancer cell line of the same type of cancer. For
example, a panel of breast cancer cell lines can be used to screen for
potential donors for breast cancer patients, instead of using Hela cells
or just one breast cancer cell line. Subjects who have the highest overall
CKA against all target cell lines are expected to be the best potential
donors of granulocytes for a particular patient. CKA against Hela cells
appears to represent average CKA against other cancer cells as target
cells in many, but not all, individuals.

Ultimately, one would hope to use the primary cancer cells
collected directly from patients and representative of active cancer cell

populations in patients as the target of CKA assays. However, such a
hope may face several technical challenges including how to collect
primary cancer cells from patients and how to perform CKA assay with
the potentially non-adherent target cells.

Biology of granulocytes

Granulocytes are the first responders of the human immune system
against infections. They can arrive at the sites of infection or wounds
within minutes. Granulocytes have several effector mechanisms against
target cells. They are phagocytes that engulf small pathogens before
killing them internally [9,10]. Another major effector mechanism
of granulocytes is the process termed degranulation, in which the
cytotoxic contents of granules, such as lactoferrin, cathelicidin,
myeloperoxidase, bactericidal/permeability increasing protein (BPI),
defensins (also known as human neutrophil peptides), serine proteases,
neutrophil elastase, cathepsin G, and gelatinase [11-14], are released to
kill target cells.

Human neutrophil peptides (HNPs) are the most abundant proteins
in human neutrophils. HNPs constitute 5% of total neutrophil proteins
and 50% of azurophil granule proteins and are the major antimicrobial
effectors [11,15-18]. HNPs contain 20-40 amino acids rich in arginine,
lysine, and cysteine resulting the peptides to be positively-charged and
called “cation peptides” [19].

HNPs have an amphipathic folded rod-like structure with one side
being hydrophobic and the other side being hydrophilic and positively
charged [20,21]. It has been proposed that the primary targets of HNPs
are the negatively-charged lipid bilayer membranes [11]. The activation
mechanism of HNPs is the cleavage of negatively charged leader
peptides that neutralize the positive charges in the peptide precursor [11].

On target cells, the mature amphipathic HNPs exert two major
effector actions. First, HNPs form barrel-like pores on plasma
membranes of target cells [11]. The hydrophobic side of the monomeric
HNP lines up against the hydrophobic portion of the target bilayer
membranes whereas the hydrophilic side of the HNP forms ahydrophilic
pore with other similarly lined-up HNPs. The holes cause swelling and
rupture (cytolysis) of target cells. Second, HNPs, once they enter the
cytoplasm of target cells that contain mitochondria, can bind to and
neutralize the negatively-charged outer mitochondrial membranes,
leading to dissipation of the mitochondrial transmembrane potential, a
well-known mechanism for triggering rapid apoptosis [22].

Granulocytes:Hela=10:1, Percentage of Hela Cells Killed in 24 hours (CKA)
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Figure 1. Spectrum of target cells of granulocyte CKA.

Integr Cancer Sci Therap, 2018 doi: 10.15761/ICST.1000263

Volume 5(1): 2-7



Le W (2018) Natural cancer-killing activity of human granulocytes

CKA variability in different individuals

After last 13 years since CKA assay was established to screen
human blood samples, more than 1000 subjects have been evaluated.
Here some of the general trends of CKA in human populations
are summerized. The most important finding is that there is a great
individual variability of CKA from individual to individual and even
from time to time in the same individual. There is a normal distribution
of CKA in the human population studied so far. At 10:1 E:T ratio, most
healthy people have CKA in the range of 40% and 60% CKA against
Hela. Less than 10% of human have CKA higher than 80%. Less than
1% have CKA higher than 90%. One interesting observation is that a
20-years old female subject had 95% CKA and her 52-year old mother
had 97% CKA. Genetic pattern of CKA in human populations has not
been studied. Sex and race have no apparent impact on CKA.

CKA in cancer patients and in healthy people

In mice, the ability to survive the lethal challenges of cancer cells
was entirely determined by having CKA or not. CKA may also be an
activity for protecting humans from developing cancer. One would
expect that CKA might be compromised in cancer patients in the first
place. We compared the CKA against Hela cells in over 50 healthy
individuals and over 50 cancer patients of ages between 45 and 65. At
10:1 ET ratio, the average CKA against Hela cells is 50% for healthy
people and 30% for cancer patients. We expect that the future CKA
results against the cell lines similar to the cancer types of the patients
may be more interesting. These results suggest that good CKA should
come from the granulocytes of healthy people, not from other cell
fractions or any leukocyte fractions of cancer patients. If the leukocytes
of cancer patients were effective at all against cancer cells, they should
not have gotten the disease in the first place. It would be even more
interesting to compare the CKA against their own cancer cells by the
granulocytes of cancer patients and of healthy donors. However, this
experiment may have to wait till a large number of primary cancer cells
can be isolated and used as the target cells of the assay. Such a technical
ability is currently unavailable.

CKA in different age-groups

Aging is the greatest impact factor for cancer development. Aging
also has a significant impact on the cellular immunity in general. We
also compared CKA against Hela cells of over 100 healthy young
subjects between age 20 and 30 to over 40 healthy old subjects between
age 67-76 with mixed sexes and races. The average CKA is 65% for
the young subjects and 40% for the old subjects. Yet, the individual
variability is bigger in the old group than the young group. This finding
is consistent with the possibility that the age-related increase in cancer
incident rate is associated with the age-related decrease in CKA.

Effect of stress on CKA

Stress is an inevitable part of modern society and harms humans
and animals. There is a common belief that stress promotes or even
causes cancer [23]. However, the scientific evidence in supporting such
a belief is weak [24-32]. The human body deals with acute stress with
stress response or “fight-or-flight” response, in which stress hormones
are released into the blood stream [33-34]. As a result, stress hormones
stimulate energy utilization in the stress response organs, such as
cardiac, pulmonary, muscular and sensory systems and inhibit energy
metabolism in the non-response organs, such as digestive, renal and
immunological systems [35-37]. Among stress hormones, cortisol,
epinephrine, and norepinephrine are the quantitatively most important
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molecules released into blood stream [38,39]. The inhibitory effects of
these stress hormones on the immunological system have been well-
established and also been utilized widely in suppressing over-reaction
of the cellular immune system, such as allergic reactions [40-46].

We measured CKA against Hela cells in a group of students before,
during and after a final exam of the semester. This is a previously
established model of having a group of subjects undergoing a short-
term psychological stress synchronously [47]. In our experiments, CKA
was nearly abolished in the exam days in all tested subjects and quickly
returned to previous levels a few days after exams. This suppression of
CKA was accompanied by rises of stress hormones in the blood.

In vitro studies also showed that the major stress hormone, cortisol,
had more profound inhibitory effects on granulocyte CKA than other
two major stress hormones: epinephrine and norepinephrine.

Complete abolishment of CKA and subsequent recovery were also
serendipitously observed following incidental stressful events such as
heated argument or public speaking by a student.

Seasonality of CKA

However unexpected, the seasonality of CKA in granulocytes in
North Carolina (latitude 38°N) is unequivocally clear and profound
(Figure 2). CKA is completely absent between October and March.
CKA returns in April. We detected CKA in some samples collected
in November and in February in Miami, Florida (latitude 25° N) and
shipped to North Carolina via overnight express mail for the assay. We
also detected CKA in a small portion of samples collected in Shanghai
(latitude 38° N) during the winter months when there is no CKA at
all in North Carolina. We suspect that there might be unknown CKA
stimulants present in the environment.

The seasonality of cellular functions in humans at such a profound
level is unexpected. Early humans had to deal with the significant
shortage of food in the winters by sleeping more and eat less. The
energy expenditure in hibernating animals in the winters can drop to
1/20 of their summer levels [48]. In humans, the energy expenditure in
the winters can drop to a fraction of the summer level. Most modern
humans gain weights during winter months as a result of reduced
expenditure if the food intake remains unchanged.

One practical implication of this result is that the winter may not be
a good time to find donors with high levels of granulocyte CKA.

Effects of nutrients on CKA

There are 39 essential nutrients required for the growth of human
cells in cell culture and probably for the growth of infants in the first
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Figure 2. Seasonality of granulocyte CKA
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4-6 months before they have to turn to solid food. Probably by then,
the ability of endogenous synthesis of cellular constituents begins
to decline and buildup of cells in the body relies more and more on
additional nutrients in solid food. There is probably no upper limit
how many nutrients cells in the body may need to achieve ultimate
functions. But one might safely assume that the more nutrients are
available, the better cells will function.

To find nutrients that can specifically boost granulocyte CKA,
we screened up to 60 different fruits and vegetables. We found that
human granulocyte CKA was elevated by at least 100% by the cold
water extracts of jalapeno, beet root or baby Bella mushroom after
high-speed blending. The in vivo effects of these potential stimulants
on CKA have yet to be determined. We are also not sure whether the
CKA stimulation is affected by dietary history in the last few days
leading up to the blood draws. For example, if the donor had eaten a lot
of apples but had not eaten jalapeno for a long time before the blood
draw, jalapeno may stimulate CKA because of its long absence from
the diet but not because it is a specific stimulator. We wonder whether
apple would have similar stimulation if it is absent from diet before the
blood draw due to nutrient craving at cellular levels.

Effects of BCG on CKA

Bacillus is a genus of Gram-positive, rod-shaped bacteria that
are known to cause tuberculosis. BCG is a strain of Bacillus bacteria
developed by the French scientists Calmette and Guérinin between
1908 and 1921 to achieve the attenuated virulence via serial passages
of bacterial cultures [49]. This strain was named Bacillus Calmette-
Guérinand and had been used as vaccines for tuberculosis and leprosy.
With the reduced virulence, injection of live bacteria into humans
became much safer. In the 1950s, it was demonstrated that live BCG
could benefit mice bearing lethal transplanted cancer cells [50]. BCG
was used clinically in treating human bladder cancers resulting in
significant efficacy [51].

Intravesical live Bacillus Calmette-Guérin (BCG) is the most
effective therapy for bladder cancer carcinoma in situ. Live bacillus
bacteria with reduced virulence are instilled into the bladder as the
therapeutic agent. Forty years after its first report [51], BCG therapy still
remains the treatment of choice due to its high response rate and lower
incidence of severe side effects in comparison to cytotoxic intravesical
chemotherapies. The response rate of the bladder carcinomas to BCG
therapy can be as high as 75% [52], making it the most successful
therapy in existence against solid cancers. However, after over 100
million doses in last several decades, the effector mechanism of the
BCG therapy still remains peculiarly elusive.

The usage of live bacteria to treat cancer has a long history. In the
late 19" century, there were numerous observations of miraculous
regression of late-stage cancer triggered by severe infections with
severe febrile responses [53]. Intrigued, William Coley began to treat
cancer patients intentionally with live bacteria collected from the sites
of infection. He first reported in 1891 that intentional administration
of live bacteria into the tumors induced similar infections, febrile
responses and tumor regressions in human but not without a high rate
of sepsis [54].

Granulocytes are known to be highly responsive to bacterial
infection. It is possible that mechanism of BCG treatment is mediated
by stimulation of granulocytes that in turn kill bladder cancer cells.
We screened a group of bladder CIS patients treated by BGC for CKA
before and after a conventional 6-week BCG therapy. We found that
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CKA in granulocytes was elevated by at least 50% in the patients who
responded well clinically to BCG therapy. This result is also consistent
with the possibility that the efficacy of BCG therapy is mediated
mechanistically by granulocyte CKA.

Effects of irradiation on CKA

In clinical practice of transfusion, allogeneic blood cells are often
irradiated to block donor cell proliferation that causes possible graft-
vs-host diseases, especially for the immune-compromised patients.
Our results showed that irradiation reduced CKA of granulocytes
to 1/3. Irradiation breaks up cellular DNA into fragments not only
to prevent DNA replication for cell division but also to block many
cellular functions that require nascent synthesis of RNA and protein.
Therefore, it is not surprising that CKA of granulocytes is diminished
by irradiation.

Recognition mechanism by granulocytes via surface
charge

The fact that human granulocytes can recognize a vastly different
array of cancer cells and bacteria without prior exposure suggests that
the possible target on the surface of cancer cells and bacteria is probably
not molecularly-based. We tested whether cancer cells might be unique
in surface charges.

Bioelectricity is a critical part of all life forms [55-57]. However,
the electrical properties of somatic cells in animals remain poorly
understood. As early as in the 1940s, some very subtle behaviors of
cancer cells led to the suspicion that their surfaces may be electrically
different from that of normal cells. These cellular behaviors include
stickiness with neighboring cells, loss of contact inhibition of cell
growth and formation of cancer cell aggregates by cationic polymer
polyethyleneimine (PEI) [58]. These findings also led to the numerous
studies of cell surface charges by cell electrophoresis [59]. However,
this methodology of measuring cell surface charge was highly
insensitive, with inconsistent results from different laboratories [60].
The extremely high surface charge-to-mass ratio required to move cells
directionally in an electrophoretic field cannot be achieved by most cells
in a given cell population. A major problem for cell electrophoresis is
that few cells moved and were counted; most cells remained stationary.
Technical challenges of how to accurately measure the surface charges
of somatic cells may have caused the field to be stagnant for several
decades. The few early claims that cancer cells may have unique surface
charges were not further validated or extended beyond an evaluation of
a few cell lines and no application had been developed.

We designed two nanoprobes (NPs), one with a positively charged
surface and the other a negatively charged surface, that may have
resolved the aforementioned problems [61]. Both types of NPs carried
two additional properties of being able to capture the attached cells by
a magnet and of being identifiable by fluorescence.

NPs can be used to measure surface charges of many cells types,
including cancer cells from established cell lines and normal cells
isolated from fresh tissues and peripheral blood. All tested cancer cells
bound exclusively to the positive NPs (Figure 3, previously published
[61]). Except for granulocytes, normal cells had no binding to either
type of NPs [61,62]. The negative surface charges are highly sensitive to
inhibition of glycolysis and are generated as a result of lactate secretion.

In addition to all culture cancer cells having the negative surfaces,
recently we were able to capture large numbers of cancer cells from
the peripheral blood samples of patients with metastatic cancers and
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Figure 3. Surface charge of cancer cells and normal cells

leukemia by using a newly developed CTC capture nanotechnology
also based on the unique surface charge of cancer cells. These findings
suggest that negative surface charge is a unique property of all tested
cancer cells of both in vitro and in vivo sources. We, therefore, propose
that this unique surface electrical property of cancer cells may be the
target for recognition by granulocytes.

With the same methodology, granulocytes were found to be the
only cells we tested so far for having positive surfaces. Such an opposite
surface charge would allow granulocytes to attach to cancer cells easily
and specifically without having to have any other molecular mechanism
and to avoid normal cells that were all charge-neutral.

To functionally validate whether the surface charge is required for
CKA, we used the positively charged NPs to shield the surface charges
of target cancer cells before mixing with granulocytes. As a result,
granulocyte CKA was effectively blocked.

Using the same methodology, we also found the surface of E.coli
was also negatively charged, which is consistent with many previous
reports of bacteria having negatively charged surfaces. We propose that
recognition of bacteria by granulocytes may also be mediated by the
opposing surface charges.
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Conclusion and outlook

In 2008, we proposed a new cancer therapeutic concept of a CKA-
based allogeneic granulocyte transfusion. The key components of this
therapeutic concept are to find healthy donors with high levels of
granulocyte CKA, collect granulocytes via apheresis after mobilization
and transfuse the freshly collected granulocytes to cancer patients. This
concept is fundamentally different from all previous immunotherapies
for cancer in nearly all key aspects. A few clinical trials initiated by
investigative clinicians were approved in the US by FDA in 2009. Similar
trials were also initiated later in several other countries. However, due
to a lack of funding and inability of collecting complete, key follow-up
data after treatment, no meaningful progress that met the criteria of the
original study design can be reported from these clinical efforts at this
time. Out of several hundred infusions of donor granulocytes known
to this lab, no GVHD has occurred, suggesting that the therapy is safe.

There is one special case with complete data worthy of describing.
A 52-year old female patient was diagnosed with stage IV squamous
cell carcinoma/adenocarcinoma without a known origin. Innumerous
metastatic lesions were found in the lungs, liver, ovaries and pelvic
cavity. She was treated with 7 rounds of exploratory taxol/carbo
chemotherapy before severe pulmonary and cardiac allergic reactions
were developed. It was followed by a pelvic debulking surgery with
ovariohysterectomy for temporary relief of pelvic symptoms. Due to
the massive metastasis to liver and lungs and the well-documented
non-responsiveness of squamous cell carcinoma to chemotherapies
in the literature, the survival time was estimated to be 3-6 months.
Without any conventional treatment option after surgery, she was
treated with the donor granulocyte therapy on a compassionate
basis. Twenty young volunteers (college students) of the same blood
type were initially screened by interviewing heath history of self and
blood-related family members. Ten volunteers selected after the
interviews had blood draws (8 cc) for testing granulocyte CKA. One
20-year-old volunteer had an exceptionally high level of granulocyte
CKA at 86% with 10:1 E:T ratio against Hela cells and agreed to be
the donor of granulocytes. The donor was mobilized by 300 pg G-CSF
and 8 mg dexamethasone i.m. 12 hours before apheresis collection of
granulocytes. The final yield of the collected leukocyte concentrate
was 2.2x10e10 granulocytes with 60% purity in 300-cc volume. All
the collected granulocytes were immediately infused i.v. to the patient
within 3 hours. After the infusion, the patient had a prolonged fever
between 39 and 40°C for 10 days. Such a long-lasting high fever was
highly unusual for normal blood transfusion and was intentionally left
untreated by medication. There has never been any symptom related to
either the disease or the treatment since the treatment. It has been four
years since the one-time granulocyte infusion as the last and the only
treatment. She has been monitored by chest and abdominal CT scans
every 6 months for first 30 months and every 12 months later. Most
metastatic lesions in the lungs and liver are still visible on the CT scans
but stable for the last 4 years. She has had very active daily physical
exercises and had no complaints of any symptom for the last 4 years.

Clinically, the donor granulocyte therapy is no more difficult than
giving a blood transfusion. The key to success may largely rely on
finding donors with high levels of direct therapeutic activity. The future
of this therapeutic concept is completely up to clinicians and funding
agencies. Correct or not, this concept is a new direction different from
other immunotherapies and is supported by good common sense
and by a great amount of laboratory efforts worth millions of dollar
cumulatively. It would be a great waste if only few patients benefited
from all the prior investigative efforts.
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