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Abstract
It has recently been observed that a variety of mechanistically distinct chemotherapy
agents and cellular stressors induce ribosomal RNA (rRNA) degradation in tumour cells, a
phenomenon termed RNA disruption. The RNA disruption assay (RDA) has been developed to
quantify RNA disruption in a manner that can predict pathologic complete response and
improved disease-free survival early in treatment. Immune checkpoint inhibitor (ICI) drugs are
novel anti-cancer agents that can result in significant improvement in patient survival, but not all
patients respond to these drugs. Thus, the RDA may be able to identify early in treatment ICI
non-responders in order to avoid the continued costs and harmful side effects of this class of
drugs and to consider alternate treatments. Since ICI drugs function by enhancing the efficacy of
endogenous immune cells, this study assessed the ability of the RDA to quantify and monitor
immune cell-mediated destruction of tumour cells in the absence or presence of the cytotoxic
chemotherapy drug doxorubicin (DOX). This involved using the RDA to determine the RNA
disruption index (RDI) for a particular sample via capillary gel electrophoresis and a proprietary
algorithm. Loss of membrane integrity was also used to measure the cytotoxicity of immune
cells towards tumour cells.
In the K562 chronic myeloid leukemia cell line, RNA disruption was induced by a
variety of chemotherapy agents, including DOX. Freshly isolated primary human natural killer
(NK) cells also induced RNA disruption and loss of membrane integrity in K562 cells in a cell
number-dependent manner. Pre-activation of NK cells with IL-2 augmented K562 cell RNA
disruption and loss of membrane integrity in a dose-dependent manner. Preliminary studies
suggested that pre-treatment with DOX may also augment NK cell-mediated RNA disruption in
K562 cells. NK cell-mediated RNA disruption and loss of membrane integrity appear to correlate
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in a strong, positive manner in K562 cells. The pattern of rRNA degradation fragments induced
by NK cells was very similar to that induced by chemotherapy agents. Taken together, these
findings suggest that the RDA may have clinical utility in monitoring immune cell-mediated
destruction of tumour cells induced by ICI therapies (prior to or after chemotherapy).

Keywords
Chemotherapy; doxorubicin; immunotherapy; natural killer cells; RNA disruption; ribosomal
RNA; rRNA
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1.0. Introduction
1.1. The immune system and cancer
1.1.1. Immune surveillance: how the immune system normally attacks cancer
The human immune system consists of two major branches: the innate immune system and
the adaptive immune system. The innate immune system involves the earliest responses against
foreign antigens or microbes. While these responses may be specific to structures that are
common to groups of related microbes, they are unable to distinguish between fine differences of
microbes. Innate immune responses are also unable to adapt to repeated infections. The physical
barrier of the skin, macrophages, and natural killer (NK) cells are examples of the innate immune
system1. The adaptive immune system involves much slower responses to foreign particles, but
these reactions are highly specific and depend upon exposure to foreign antigens. Additionally,
the adaptive immune system has a memory function in that responses can be amplified with
repeated exposure to the same microbe. Within the adaptive immune system, there are two
additional branches. Humoral immunity is mediated by molecules found in human body fluids,
such as antibodies. Antibodies are produced by B cells, and they are specific to particular
antigens. Once bound to an antigen, antibodies can neutralize the antigen and/or eliminate it by
one of various mechanisms, such as the promotion of phagocytosis through the attraction of
macrophages. Cell-mediated immunity involves responses mediated by CD4+ and CD8+ T cells.
CD4+ helper T lymphocytes assist in the activation of CD8+ T lymphocytes, B lymphocytes,
and macrophages2. CD8+ cytotoxic T lymphocytes can directly kill their target cells2.
CD8+ T cells contain T cell receptors (TCR) that bind to and recognize antigens presented by
major histocompatibility complex I (MHC I) proteins, which are present on the surface of almost
all human nucleated cells, in addition to platelets3. TCRs act like sensors to determine whether
1

the antigen comes from a normal cell or a foreign invader, such as a tumour cell. If the antigen is
determined to have arisen from a foreign organism or antigen, CD8+ T cells can be triggered to
multiply and initiate one of their various killing mechanisms to destroy the invader4. These
interactions contribute to the immunological surveillance function of the immune system.
There are various methods by which the human immune system identifies cancer cells as
foreign to our bodies through antigen recognition. Neo-antigens are products of randomly
mutated genes that can be presented on MHC I, reflecting the genetic instability of cancer2.
Presented antigens may also be products of genes that are normally silenced, but are no longer
repressed in tumour cells. For example, genes that are expressed during embryonic development,
but not in somatic tissue, may undergo epigenetic changes resulting in removal of repression
mechanisms, such as DNA demethylation2. Tumour cell antigens may also involve proteins that
are normally expressed, but become produced excessively in tumours due to gene amplification.
For example, HER2 may be overexpressed in breast cancer2,5. Finally, antigens presented on
cancer cells may involve products of oncogenic viruses, such as the HPV virus in cervical
cancer2.
While interactions between the TCR and antigens presented on MHC I activate mature CD8+
T cells for eradication of cancer cells at the site of the tumour, additional interactions are
required to prime naïve T cells to recognize particular tumour antigens. Such naïve T cells have
never previously encountered an antigen. First, antigens are released from tumour cells through
various forms of cancer cell death, such as death induced by chemotherapy drugs6. Next,
antigen-presenting cells (APCs), such as dendritic cells (DCs), engulf the cancer antigen6. APCs
then travel to secondary lymphoid organs, such as the lymph node, where they work with CD4+
helper T cells to prime and activate naïve cytotoxic CD8+ T cells7. This activation not only
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involves the TCR/antigen/MHC I interaction, but additional costimulatory interactions between
the CD28 receptor on T cells and B7-1 (CD80) and B7-2 (CD86) ligands on the surface of
APCs8. These costimulatory interactions activate PI3K/Akt signaling pathways downstream of
the CD28 receptor9. After proliferation, the newly mature cytotoxic CD8+ T cells then travel
through the bloodstream to reach the site of the tumour, where they can now recognize specific
tumour cell antigens and trigger tumour cell death6.
Not only does T cell activity involve the aforementioned co-stimulatory interactions, but T
cells are regulated by a variety of additional co-stimulatory and co-inhibitory interactions10. One
of the most well-studied of these interactions involves the interaction between the CTLA-4
(cytotoxic T-lymphocyte-associated antigen 4) inhibitory receptor on the surface of T cells with
the CD80 receptor on the surface of APCs11. Another well-known interaction occurs between the
inhibitory PD-1 (programmed death-1) receptor on T cells and PD-L1 (programmed cell death
ligand-1) on a cancer cell or APC. These inhibitory proteins are called immune checkpoints,
since they restrict immune cells from replicating uncontrollably after activation and attacking
host tissues indiscriminately, thus preventing autoimmune reactions and working to maintain
homeostasis11.
In contrast to CD8+ T cells, NK cells belong to the innate immune system. Thus, they elicit
more rapid immune responses which do not rely on specificity for target cells. Even so, NK cells
share some major similarities with CD8+ T cells. Like CD8+ cytotoxic T cells, NK cells can
directly kill target cells12. NK cells are also similar to CD8+ T cells in that they are tightly
regulated by an array of co-stimulatory and co-inhibitory interactions. Binding of tumour cell
activating ligands to NK cell activating receptors can shift the balance of signals toward NK cell
activation and promote target cell lysis13. The most well-characterized co-stimulatory receptors
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present on NK cells are NKG2D, NKp46, NKp44, and NKp4014. The expression of ligands for
one of these receptors on a cell that is normally not susceptible to NK cell cytotoxicity can
promote lysis of that cell14. Another activating mechanism involves CD16 receptors present on
the surface of NK cells, which can bind to the Fc portion of IgG antibodies, triggering antibodydependent cell-mediated cytotoxicity (ADCC) of tumour cells13. An inhibitory interaction that
NK cells partake in are those of KIRs (killer cell immunoglobulin-like receptors), which are
present on the surface of NK cells. Binding of MHC I to KIR inhibits NK cell activity, acting as
a mechanism of NK cell tolerance towards normal human cells15. To avoid recognition by CD8+
T cells, tumour cells often downregulate their MHC I ligand15. Low MHC I expression is
frequently associated with invasive and metastatic tumours16. This makes tumour cells more
susceptible to NK cell killing due to lack of MHC I/KIR inhibitory interaction15.
Although T cells and NK cells recognize target cells through different methods, both cell
types share another similarity in that they undergo the same tumour cell-killing mechanisms.
Their predominant killing mechanism is via the exocytosis of cytotoxic cytoplasmic granules
containing perforin and granzymes12. After recognition of target cells through receptors such as
the TCR or the NKG2D, selective heterodimeric or homodimeric adaptor proteins are recruited
to those receptors, allowing for activation of a PI3K → Rac → PAK → MEK → ERK signaling
pathway, triggering the release of the cytotoxic granules17, 18. Perforins are membrane-disrupting
proteins that form pores in the plasma membrane of the target cell19. Granzymes are serine
proteases that initiate caspase-dependent apoptosis of the target cell19. Of the granzymes (A, B,
H, K, M) that are released from these granules, granzyme B is most responsible for the activation
of caspase-mediated apoptosis20. Granzyme B enters the target cell through a perforin-dependent
mechanism of which exact details are still unknown19. Once it reaches the target cell cytoplasm,
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granzyme B can induce cell death by one of two mechanisms: direct activation of caspases or
indirectly via Bid-dependent mitochondrial permeabilization21. Granzyme B can mediate direct
cleavage of procaspase-3 and -7, allowing for caspase 3 to activate procaspase-620. The active
caspases go on to cleave many intracellular proteins, promoting cell death20. In Bid-dependent
mitochondrial membrane permeabilization, granzyme B cleaves Bid, a pro-apoptotic protein.
Truncated Bid translocates to the mitochondria and results in oligomerization of Bax and/or Bak
at the outer mitochondrial membrane. Bax/bak oligomerization results in the permeabilization of
the outer mitochondrial membrane in addition to the release of pro-apoptotic proteins22. This
process facilitates cytochrome c release into the cytosol, which is integral in the assembly of the
apoptosome and subsequent caspase-9 activation, thus initiating the caspase cascade22. The
activity of granzyme B on the mitochondria also induces caspase-independent cell death through
the release of reactive oxygen species (ROS)23. In addition to granzyme B, other granzymes can
contribute to target cell death. For example, granzyme A induces direct cleavage of nuclear
proteins, resulting in single-stranded DNA breaks19,22.
Another mechanism by which CD8+ T cells and NK cells target tumour cells is via death
receptor-mediated cytotoxicity24. Death ligands on the surface of T cells and NK cells, such as
FasL and TRAIL, can bind to death receptors on the surface of target cells. These interactions
initiate apoptosis through the recruitment and activation of the caspase-8 and caspase-10
proteases24, 25.
Activated NK cells secrete many cytokines that further promote antitumour activity, such
as interferon gamma (IFN-γ), tumour necrosis factor alpha (TNF-α), IL-10, IL-5, and IL-1313.
For example, NKG2D signaling can result in the release of IFN-γ26. IFN-γ has been shown to
enhance tumour cell apoptosis through the modulation of FasL, TRAIL, and caspase
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expression1,13. IFN-γ has also been shown to improve tumour cell antigen presentation through
upregulation of MHC I, allowing for increased recognition by CD8+ T cells27. NK cells also
secrete chemokines and cytokines, like XCL-1, XCL-2, CCL5, and FTL-3, which help to recruit
conventional DCs that mediate T cell activation and expansion28. In fact, a study by Böttcher et
al. found that NK cells were necessary for optimal CD8+ T cell responses through the
recruitment of conventional DCs in genetically modified immunodeficient mouse strains28. They
also found that intratumoural CCL5, XCL1, and XCL2 transcripts were associated with
increased patient overall survival (OS)28.
NK cell activity is further enhanced by stimulatory cytokine signals, such as IL-2, IL-12,
IL-15, IL-18, and IL-2129. During resting immunological conditions, IL-2 is primarily produced
at basal levels by CD4+ helper T cells. Once T cells are activated, CD4+ and CD8+ T cells
secrete large amounts of IL-2 for their own use and for neighbouring NK cells30. IL-2 produced
by CD4+ helper T lymphocytes not only enhances CD8+ killing of tumour cells by promoting
proliferation and release of IFN-γ and granzyme B31, but it also increases NK cell-mediated
tumour cytotoxicity25,32,33. IL-2 binds to the IL-2 receptor on CD8+ T cells and NK cells
resulting in the transduction of signals through the JAK/STAT, PI3K/Akt, and MAPK
pathways30. Zhu et al. found that pre-activation of primary NK cells with IL-2 resulted in
increased cytotoxicity against the U-2 OS human osteosarcoma cell line by enhancing both the
lytic granule and Fas/FasL mechanisms25. Wang et al. found that IL-2 upregulated the expression
of IL-12 receptors and STAT4 of primary NK cells, resulting in enhanced IL-12-mediated IFN-γ
production and anti-tumour cytotoxicity32.

6

1.1.2. Avoiding immune destruction: how cancer escapes the immune system
If the human body has highly effective mechanisms in place to destroy cancer cells, then
why do tumours still form? Components of the tumour microenvironment, such as malignant
cells, stroma, and extracellular molecules can be immunosuppressive34. For example, it was
previously discussed that T cells and NK cells are regulated by competing co-stimulatory and coinhibitory interactions. Tumour cells can take advantage of these interactions by upregulating
inhibitory immune checkpoints that deactivate immune cells, resulting in a method by which
tumour cells escape the immune system. In cancer, the most well-characterized immune
checkpoint interactions are CTLA-4/B7 and PD-1/PD-L111.
CTLA-4 is upregulated upon T cell activation during the priming phase in secondary
lymphoid organs, with its expression peaking 2-3 days later35. Its purpose is to attenuate the
rapid proliferation of T cells that occurs due to this priming, acting as an “off switch” for the
immune response, thus maintaining homeostasis. CTLA-4 is a homolog of the CD28 receptor36.
Thus, it acts as a competitive inhibitor of T cell CD28 receptors for B7 ligands present on APCs,
interrupting the co-stimulation interaction that is required for the activation of T cells during
priming37. In fact, CTLA-4 has a 20 to 100 times higher affinity for B7 than CD28 does,
rendering it an effective inhibitor of co-stimulation38. CTLA-4 is expressed on activated CD8+
and CD4+ T cells, as well as on T regulatory cells (Tregs). Because it functions at the priming
phase of immune response, CTLA-4 inhibits both CD4+ and CD8+ T lymphocytes39.
The interaction between PD-1 receptor on T cells and PD-L1 ligands on APCs is another
immune checkpoint that inactivates CD4+ and CD8+ T cells to maintain homeostasis under
normal conditions. Unlike CTLA-4 which exerts its effects at the priming phase of T cell
activation, T cell inhibition in cancer via PD-1/PD-L1 occurs mainly in peripheral tissues at the
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site of the tumour39. Binding of PD-L1 to PD-1 results in the recruitment of phosphatases, such
as SHP2, to the cytoplasmic tail of PD-135,40. Phosphatases counteract kinase-induced signals
downstream of the TCR, resulting in the suppression of T cell activity40 and tumour cell
escape35.
1.1.3 Immune checkpoint inhibitors for cancer treatment
The characterization of these immune checkpoints strongly aided the discovery of
immune checkpoint inhibitor (ICI) therapies, which are one of the greatest breakthroughs in
cancer treatment within the last decade. ICI drugs have been shown to considerably improve the
lifespan of patients with a variety of advanced solid and hematological malignancies41. For
example, ICIs result in enhanced overall response rates (ORR) amongst patients with cancers
that have not been shown to respond to chemotherapy, such as malignant melanoma and nonsmall-cell lung carcinoma (NSCLC)42.
In general, ICIs function to prevent inhibitory immune checkpoint interactions, allowing
for the patient’s endogenous immune cells to remain active and attack tumour cells. ICI drugs are
typically monoclonal antibodies that directly bind to immune checkpoint ligands and receptors,
preventing the inhibitory interactions from occurring11. ICI drugs currently approved by Health
Canada and the FDA for patient use include anti-CTLA-4 and anti-PD-1/PD-L1 antibodies42,43.
In 1996, Dr. James P. Allison and his research group first tested the prediction that the
antibody blockade of immune checkpoints could lead to enhanced anti-tumour responses36. In
this landmark study, the effect of an antibody against the immune checkpoint protein CTLA-4
was investigated. BALB/c mice were injected with 4 x 106 V51BLim10 murine colon carcinoma
cells. Control mice that were injected with tumour cells but left untreated developed
progressively growing tumours and required euthanasia 35 days later. In contrast, all mice
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injected with tumour cells and treated with an anti-CTLA-4 antibody completely rejected their
tumours after a short period of limited growth36. In this study, it was also found that mice that
had previously rejected V51BLim10 tumours due to anti-CTLA-4 injection showed enhanced
immunity to a secondary challenge of V51BLim10 cells 70 days after initial tumour injection
without secondary administration of anti-CTLA-4 antibody. Naïve controls injected with tumour
cells without prior exposure to anti-CTLA-4 antibodies developed large tumours and required
euthanasia by day 35. These results indicated that tumour rejection can be mediated by antiCTLA-4 therapy, which can also result in the formation of immunologic memory from the initial
infection – a characteristic of adaptive immunity36.
In addition to preventing inhibitory interactions between tumour cells and T cells, antiCTLA-4 antibodies may also function to deplete Tregs, a large proportion of which express
CTLA-444. Tregs are a subset of CD4+ T cells that normally function to suppress the immune
system to prevent autoimmunity. One method by which they do so is through binding of CTLA-4
to B7-1 and B7-2 ligands on APCs, resulting in competitive inhibition of costimulation45. By
depleting Tregs, there is increased availability of ligands for CD28 binding46, suggesting that
more APCs may be free to activate T cells. Consumption of IL-2 also acts as one of the major
immunosuppressive mechanisms of Tregs. Tregs use IL-2 as a critical growth, differentiation,
and survival factor. By binding large amounts of IL-2, Tregs deprive other IL-2-dependent cell
populations like T cells and NK cells, resulting in their decreased proliferation and activity47.
Thus, the depletion of Tregs can also result in increased availability of IL-2 for NK cells to
increase IFN-γ production and cytotoxicity29.
Ipilimumab (trade name Yervoy), a fully human antibody to CTLA-4, was the first ICI
therapy to be approved by the FDA (March, 2011) and Health Canada (February, 2012). At the
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time, it became the first and only approved therapy for metastatic melanoma to demonstrate
significant improvement in patient overall survival (OS)48. Approval for ipilimumab received
priority review designation upon the success of the pivotal MDX010-20 phase III clinical trial
that was published in 201049. This trial consisted of a randomized double blind study on 676
patients with unresectable stage III or IV metastatic melanoma from North America, South
America, Europe, and Africa. These patients had previously received treatment for their disease
without success. Patients were divided into three cohorts: a glycoprotein100 (gp100) placebo
control, ipilimumab only, and ipilimumab + gp100. At the time, the gp100 placebo control was
considered ethical, as there was no treatment that had previously shown to improve OS of
patients with metastatic melanoma. Patients given ipilimumab received an intravenous dose of 3
mg/kg of body weight every 3 weeks for up to four treatments. Severe adverse effects were
experienced by 10-15% of patients. These events were mainly inflammatory, including hepatitis
and colitis. In the control cohort, median OS was 6.4 months, with OS dropping to nearly 0%
within 4 years. In ipilimumab alone and ipilimumab + gp100 conditions, median OS was 10.1
months and 10.0 months, respectively. Although most patients did not experience long-term
benefit from ipilimumab, OS survival of patients treated with ipilimumab alone remained
constant at approximately 20% from 32 months until the end of the study at 56 months49. In a
pooled OS analysis using data from 12 phase II and III clinical trials of 1861 patients with stage
III and IV metastatic melanoma treated with ipilimumab, 3-year OS was approximately 21%50.
The survival curve began to plateau at 21% around year 3, which remained constant with followups of up to 10 years50. Overall, although most patients do not respond to ipilimumab, those who
do respond tend to achieve life-changing benefits. As a result, ipilimumab is now a first-line
treatment for metastatic melanoma51. Ipilimumab for metastatic melanoma currently remains the
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only approved anti-CTLA-4 therapy42. Different anti-CTLA-4 drugs for a variety of cancer types
are currently being tested in clinical trials52. For example, the ability of ipilimumab or nivolumab
(an anti-PD-1 agent) to treat patients with chronic myeloid leukemia that has returned after a
period of improvement following donor stem cell transplant is currently being studied in a phase
I clinical trial53.
A variety of PD-L1/PD-1 inhibitors have since been approved for several types of
cancers. The PD-1 inhibitor cemiplimab (Libtayo) is the first and only treatment available for
advanced metastatic cutaneous squamous cell carcinoma in Canada and the USA54. Other
approved PD-1 inhibitors include pembrolizumab (Keytruda) and nivolumab (Opdivo). Currently
approved PD-L1 inhibitors consist of atezolizumab (Tecentriq), avelumab (Bavencio), and
durvalumab (Imfinzi)42,43. One difference between PD-1 and PD-L1 inhibitors is that PD-L1
inhibitors do not block binding of PD-L2 to PD-155. PD-L2 is another ligand that interacts with
the PD-1 receptor to initiate inhibitory responses. Additionally, there are molecular differences
between antibodies of the same class. For example, although PD-1 inhibitors nivolumab and
pembrolizumab are both IgG4 isotype antibodies, nivolumab binding mainly involves
interactions with the PD-1 N-loop, while pembrolizumab binding mainly consists of interactions
with the PD-1 CD loop56.
1.1.4. Combination therapy
One major reason why many patients may not respond to ICI therapy is because there are
multiple immune checkpoints. By inhibiting CTLA-4, the PD-1/PD-L1 checkpoints may be
upregulated, and vice versa, allowing for continued inactivation of immune cells in presence of
ICI therapy. In addition to CTLA-4 and PD-1/PD-L1, there are alternate immune checkpoints
that may be upregulated, such as LAG-3, TIM-3, and VISTA57. For example, LAG-3 has been
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found to bind to MHC II on APCs, which CD4+ T helper cells normally interact with through
their TCR. LAG-3 acts as a competitive inhibitor by binding to MHC II with higher affinity than
CD4+ T helper cells, reducing activation and proliferation of CD4+ T cells 58. The therapeutic
potential of molecules inhibiting these additional checkpoints are being investigated preclinically and clinically52,59,60,61.
Combination of multiple ICIs have been tested to mitigate the resistance effects of
multiple checkpoints. The combination of ipilimumab (anti-CTLA-4) and nivolumab (anti-PD1)
is currently approved for patients with unresectable or metastatic melanoma and advanced or
metastatic renal cell carcinoma. Approval was granted due to the phase II, double-blind
Checkmate 069 study on 142 patients with previously untreated unresectable or metastatic
melanoma62. Patients assigned to the combination condition (ipilimumab + nivolumab) received
3 mg/kg ipilimumab + 1 mg/kg nivolumab intravenously every 3 weeks for 4 doses. Patients
assigned to ipilimumab alone received 3 mg/kg ipilimumab + a nivolumab placebo every 3
weeks for 4 doses. ORR was measured based on progression-free survival (PFS), OS, time to
response, and duration of response. Two years into the study, patients treated with ipilimumab
alone had an ORR of 11%, while those treated with both ipilimumab + nivolumab had an ORR
of 60%. Serious adverse events were more common for those receiving combination therapy
(54%) relative to those receiving monotherapy (20%). The most common treatment-related
adverse effects in this study were colitis, diarrhea, and hypophysitis62. In the Checkmate 067
phase III clinical trial, patients treated with ipilimumab + nivolumab had an ORR of 58% at the 4
year follow-up63. The combination of ipilimumab + nivolumab was shown to be more effective
than either alone, and other ICI combinations continue to be tested.
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The combination of ICIs and chemotherapy drugs have also been shown to be more
effective than either alone. Treatment of tumour cells with low doses of chemotherapy agents,
such as doxorubicin, has been shown to augment T cell-64,65 and NK cell-66,67 mediated killing of
tumour cells. Clinically, the combination of pembrolizumab (anti-PD-1) plus chemotherapy
(carboplatin + paclitaxel) was approved as first-line treatment for patients with metastatic
squamous NSCLC based on the KEYNOTE-407 phase III clinical trial68. ORR for 204 patients
receiving combination therapy compared to chemotherapy alone was 58% vs 35%, respectively.
Severe adverse effects were reported in 69.8% of patients receiving combination treatment vs
68.2% of patients treated with chemotherapy only68. The I-SPY phase II trial looked at the
combination between pembrolizumab and standard neoadjuvant chemotherapy (paclitaxel
followed by doxorubicin and cyclophosphamide) in patients with high-risk breast cancer69.
Pathological complete response (pCR) for triple negative breast cancer patients treated with
combination therapy relative to chemotherapy only was 71.4% vs 19.3%, respectively. For
HR+/HER2- patients, pCR for combination therapy vs chemotherapy only was 28.0% vs 14.8%,
respectively69. Further combination therapies are being explored, such as the combination of
nivolumab plus the chemotherapy agent dasatinib in patients with chronic myeloid leukemia in a
phase I clinical trial70.
The combination of ICIs with activating cytokines may also provide additional benefit. A
study by Priesto et al. found that the combination of ipilimumab with IL-2 was more effective
than ipilimumab alone in the treatment of 177 patients with metastatic melanoma71. For patients
receiving IL-2 + ipilimumab vs ipilimumab alone, median OS was 16 months compared to 14
months, and 5-year survival rates were 25% compared to 13%, respectively. Patients treated with
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both ipilimumab + IL-2 had a lower incidence of severe immune-related adverse events (17%)
compared to those treated with ipilimumab alone (29%)71.
1.1.5. ICI therapies and NK cells
While currently approved ICI therapies are based upon extensive research on T cell
activity, effects of ICIs on NK cell activity have also been explored, but to a much lesser extent.
Like T cells, NK cells are important mediators of anti-tumour immunity. It has been shown that
patient NK cell activity has an inverse correlation with cancer incidence, and NK cell infiltration
into squamous cell lung, gastric, and colorectal carcinomas is associated with better clinical
outcomes27. There are several advantages of the use of NK cells in immunotherapy. First, unlike
T cells, NK cell activity does not require prior sensitization, nor does it depend on antigen
specificity; thus, NK cells can act against tumour cells in a more rapid and ubiquitous manner.
Additionally, like T cells, NK cells can directly kill tumour cells. Finally, NK cells can also
release pro-inflammatory cytokines and chemokines that can enhance adaptive immune
responses, including T cell activity13.
Although there are currently no NK cell ICI therapies approved for commercial use, some
are showing promise in pre-clinical and clinical trials. NKG2A is an inhibitory receptor present
on NK cells that is inhibited by human leukocyte antigen-E (HLA-E) proteins, also known as
MHC class I antigen E. Monalizumab (IPH2201), an anti-NKG2A monoclonal antibody, has
been shown to strengthen NK cell responses in HLA-E-overexpressing tumour cells, such as
chronic lymphoid leukemia (CLL)72. Monalizumab has been found to promote the release of
lytic granules and IFN- γ by NK cells73,74. In an in vitro study by McWilliams et al., NK cells
derived from CLL patients showed reduced direct cytotoxicity against the HLA-Eoverexpressing K562-E6 chronic myeloid leukemia cell line compared to the parental K562 cell
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line that does not express HLA-E75. The addition of monalizumab significantly increased
cytotoxicity of NK cells against HLA-E-expressing K562-E6 cells75. In a phase II clinical trial
consisting of patients with squamous cell carcinoma of the head and neck, monalizumab in
combination with cetuximab, an EGFR inhibitor, resulted in an ORR of 27.5% compared to a
historically observed ORR of 13% with cetuximab alone73. There are additional clinical trials
currently looking at the effect of monalizumab in solid tumours13.
T-cell immunoreceptor with Ig and ITIM domains (TIGIT) is another NK cell inhibitory
checkpoint that is also present in T cells76. Human NK cell cytotoxicity has been shown to be
inhibited through interaction with TIGIT’s main ligand, CD155, which is highly expressed on
many tumour cells77. An investigation by Zhang et al. revealed NK cells are critical for antitumour efficacy of TIGIT blockade78. In the same study, it was also found that TIGIT blockade
prevented exhaustion of tumour-infiltrating NK cells and improved adaptive immunity in an NKdependent manner78. Xu et al. found that in vitro blockade of TIGIT, resulting in enhanced
function of human NK cells, was shown to improve trastuzumab (anti-HER2) response against
human breast cancer cell lines79. Many cancers fail to respond to trastuzumab (anti-HER2) due to
their resistance to NK-dependent ADCC80.
Studies have found that anti-CTLA-4 blockade can potentially enhance NK cell function
indirectly. An increase in CTLA-4+ Tregs among cetuximab-treated HNSCC patients were
shown to have suppressed NK cell cytotoxicity, which correlated with poor clinical outcome81. It
was found that treatment of melanoma patients with ipilimumab increased the frequency of
mature circulating NK cells during treatment82. Ipilimumab has also been shown to enhance IL-2
production of T cells83. Blockade of CTLA-4+ Tregs with ipilimumab further increases the
availability of IL-2, which could subsequently augment NK cell activity84.
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NK cells are also thought to play a role in PD-1/PD-L1 blockade. Using several cancer
mouse models, Hsu et al. found that NK cell activity is necessary for the full effect of PD-1/PDL1 blockade. They discovered that the binding of PD-L1 on tumour cells to PD-1 on NK cells
potently suppressed NK cell tumour killing, while PD-1/PD-L1 blockade activated a robust NK
response, even in the absence of T cells85. Benson et al. showed that CT-011, a novel PD-1
inhibitor, enhanced human NK cell cytotoxicity in vitro, specifically against PD-L1+ autologous,
primary multiple myeloma (MM) cells, but not normal cells86. Vari et al. found that NK cell
function was inhibited by PD-L1+ tumour-associated macrophages and monocytes in patients
with Hodgkin lymphoma and diffuse large B-cell lymphoma87. PD-1 blockade reversed this
effect, restoring NK cell activity87.
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Table 1. Summary of ICI therapies in Sections 1.3.3. to 1.3.5.
Drug

Target

FDA and Health Canada Approval Indications

Ipilimumab

CTLA-4

Advanced melanoma42,43

Nivolumab

PD-1

Advanced melanoma, advanced NSCLC, advanced bladder cancer, Hodgkin lymphoma42,43

Pembrolizumab

PD-1

Advanced melanoma, advanced NSCLC, advanced RCC, advanced SCCHN, hepatocellular
carcinoma, Hodgkin lymphoma42,43

Cemiplimab

PD-1

Metastatic or locally advanced CSSC54

Atezolizumab

PD-L1

Advanced NSCLC, advanced bladder cancer42,43

Avelumab

PD-L1

Merkel cell cancer42,43

Durvalumab

PD-L1

Advanced NSCLC, Advanced bladder cancer42,43

Monalizumab

NKG2A

N/A (Currently in phase II clinical trials)73

Note: CTLA-4 = cytotoxic T-lymphocyte-associated protein 4, PD-1 = programmed death-1, PD-L1 = programmed death ligand-1,
NSCLC = non-small cell lung carcinoma, RCC = renal cell carcinoma, SCCHN = squamous cell carcinoma of head and neck, CSSC =
cutaneous squamous cell carcinoma
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1.1.6. Biomarkers for predicting patient response to ICIs
As previously discussed, while ICI therapies can provide cancer patients with strongly
enhanced PFS and OS, the majority of patients are resistant to treatment, likely due to the
presence of other operative immunoevasion mechanisms. Additionally, ICI therapies can be
quite expensive and result in severe adverse effects in a large proportion of patients. These
factors highlight the need for discovery of biomarkers that accurately stratify ICI responders and
non-responders early in the treatment course. Patients whose tumours are found to be nonresponsive to treatment could switch to another therapeutic regimen that may improve their
disease outcome, in addition to further avoiding the toxic side effects and economic burden of a
non-beneficial treatment.
To highlight the large costs associated with ICI therapies, Tartari et al. performed an
economic study to evaluate the costs of ICIs88. For an average melanoma or NSCLC patient of
70 kg taking 3 mg/kg of nivolumab (per mg cost of $28 USD per week for 2 weeks), they
calculated a per patient cost of approximately $12,600 USD per month. For patients with
NSCLC with an average PFS of 3.5 months, the predicted total cost of treatment was
approximately $44,100. Worldwide, the total cost for patients with NSCLC taking nivolumab is
estimated at $47.2 billion per year88.
The expression of PD-L1 is considered a biomarker for predicting patient response to
PD-1/PD-L1 ICI drugs89,90,91,92. One study compared ORR data from numerous studies on
multiple tumour types using nivolumab (anti-PD-1), pembrolizumab (anti-PD-1), MEDI4736
(anti-PD-L1), and MPDL3280A (anti-PD-L1)90. The purpose was also to compare ORR between
patients who express PD-L1 in their tumour microenvironment (PD-L1+) to those who did not
(PD-L1-). The ORR across the reported studies was 29%. When stratifying patients by tumour
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PD-L1 expression, PD-L1+ patients had an ORR of 48%, while the ORR of PD-L1- patients was
15%90. This is a major disadvantage of PD-L1 tumour expression as a response biomarker, as a
significant portion of patients with tumour lacking PD-L1 expression (15%) can still achieve
substantial benefit from these therapies. Thus, it would not be ideal to automatically exclude
those patients from treatment. Additionally, no standard cut-off has been determined for which
PD-L1 expression level defines positive expression91,92. Thus, it remains challenging to interpret
the prognostic and predictive value of tumour PD-L1 expression89. Finally, it would be ideal to
discover a biomarker that predicts response to all types of ICI therapies and not only PD-1/PDL1 antibodies.
One factor that may explain the beneficial effect of anti-PD-L1 therapies for PD-L1 nonexpressers is that a tumour cell may reversibly be a PD-L1 non-expresser due to not yet having
been targeted by infiltrating T cells93. IFN-γ released by CD8+ T cells and NK cells upregulates
tumour cell PD-L194. IFN-γ binds to the IFN-γ receptor, activating the JAK/STAT pathway,
promoting the expression of IRF195. IRF1 binds to the PD-L1 promoter, increasing the
expression of PD-L1 within tumour cells95,96. It has also been found that PD/1PD-L1 interactions
may be involved in the priming phase within the lymph nodes97. If that is the case, then
measuring PD-L1 only at the tumour microenvironment may not provide the entire PD-L1
expression profile. Expression of PD-L1 can be heterogeneous between and within tumours and
can vary dynamically over time89,98.
In addition to using PD-L1 as a biomarker to predict patient response to ICIs, studies
show that tumour mutational burden (TMB) is associated with ICI response99,100,101. In this case,
the immune system may be able to better recognize and target tumours with a larger number of
neo-antigens relative to those with fewer mutated proteins. In the clinic, TMB can be determined
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using a variety of next-generation sequencing methods, such as whole-exome sequencing102. In a
study by Rizvi et al., patients with NSCLC treated with pembrolizumab (anti PD-1) were
stratified based on their level of nonsynonymous TMB99. The cut-off was defined as 209
nonsynonymous mutations, the median burden of the cohort. Of 32 patients studied, those with
high nonsynonymous TMB (>209) had an ORR of 63% and median progression-free survival
(PFS) of 14.5 months, while those with a low nonsynonymous TMB (<209) had an ORR of 0%
and median PFS of 3.7 months99. With TMB as a biomarker, one current challenge is that a
universal cut-off must be defined, which accurately predicts which patients will respond to
immunotherapy across different gene panels103,104. Further complicating this, it has been shown
that some patients diagnosed with cancers with low TMB, such a renal cell carcinoma, still
respond to ICIs, and these patients should not be automatically excluded from receiving
beneficial treatment103,105. Thus, TMB does not appear to correlate well on an individual patient
basis. Overall, the predictive value of TMB as a biomarker for ICIs has not been found to be
satisfactory104,101,106. Not all mutations correlate with good responses to ICIs, and some
mutations, such as those of epidermal growth factor receptors (EFGRs), even predict poor
responses to ICIs107,108.
Thus, while PD-L1 expression and TMB are currently major candidate prognostic
biomarkers for ICI therapy responsiveness, they are not ideal. Both PD-L1 and TMB do not have
universally defined cut-off points, and their less than optimal accuracy results in some patients
being stratified incorrectly. Thus, there is a need for improved biomarkers to stratify ICI
responders and non-responders early on in treatment.
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1.2. Use of the RNA disruption assay to predict chemotherapy treatment outcome
1.2.1. Cytotoxic chemotherapy agents and their mechanisms of action
While immunotherapy is relatively new to clinical oncology, cytotoxic chemotherapy
agents have long been used in the treatment of cancer to inhibit the proliferation of rapidly
dividing cells. Their mechanisms of action against highly proliferative cells provide an
advantage in that they are more likely to be toxic to cancer cells than most normal welldifferentiated cells109. Primary chemotherapy is an example of a typical treatment strategy, where
cytotoxic chemotherapy agents are delivered on their own without the intention of combining
with other interventions, like surgery or radiation therapy. In neoadjuvant chemotherapy,
chemotherapy is administered prior to surgery to shrink tumours, allowing for a less aggressive
surgical procedure. In contrast, adjuvant chemotherapy is provided post-surgically or along with
radiation therapy to improve disease outcomes110.
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Table 2. Chemotherapy agents and their mechanisms of action.

Classification

Chemotherapy agent

Mechanism of action

Vinca alkaloids

Vincristine
Docetaxel
Paclitaxel
Cisplatin
Carboplatin
Doxorubicin
Epirubicin

Binds to and destroys tubulin, resulting in depolymerisation of microtubules111

Taxanes
Platinum-based
agents
Anthracyclines
Topoisomerase II
inhibitor
(non-anthracycline)
Topoisomerase I
inhibitor

Stabilizes microtubules and blocks their depolymerisation111
Inhibit cell division by inducing covalent cross-linking of DNA strands
and DNA strand breaks112
Prevent uncoiling of DNA through inhibition of topoisomerase II,
intercalate between DNA strands, cause DNA strand breaks113

Etoposide

Prevent uncoiling of DNA through inhibition of topoisomerase II,
intercalate between DNA strands, cause DNA strand breaks113,114

Irinotecan

Result in cleavable drug-Topo I-DNA complexes that cause lethal DNA strand
breakages115
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1.2.2. Development of the RDA as a method of predicting patient response to
chemotherapy
Although cytotoxic chemotherapy drugs have a long history of clinical use relative to
more novel immune modulator therapies, there is still no definitive approach that distinguishes
between chemotherapy responders and non-responders prior to or early in treatment. With the
discovery of a robust biomarker that can promptly stratify patients, those with tumours that are
found to be resistant to a particular treatment could not only save on costs and side effects
associated with a regimen that does not benefit their disease outcome, but non-responders could
also switch to alternative therapies that may improve survival. This served as the basis for which
the RNA disruption assay (RDA), a diagnostic tool shown to predict survival benefit from breast
cancer chemotherapy, was initially developed by RNA Diagnostics Inc116,117.
While performing routine tumour RNA quality analysis by capillary electrophoresis on
the Agilent 2100 Bioanalyzer during the CAN-NCIC-MA.22 clinical trial118, Parissenti et al.
observed that breast cancer patients achieving pCR had uniformly reduced RNA quality at midtreatment (3 or 4 chemotherapy cycles), as measured by the RNA integrity number (RIN)119. The
MA.22 study was a phase I/II clinical trial that examined breast biopsies obtained pre-, mid-, and
post-treatment from women with locally advanced or inflammatory breast cancer treated with
epirubicin and docetaxel at 2 or 3 weekly intervals in sequential cohorts. For MA.22, pCR was
defined as the absence of invasive cancer in the breast and axilla post-treatment. This study was
the first report of chemotherapy-induced dose-dependent reductions in tumour RNA integrity
that was associated with a treatment response119.
Capillary electrophoresis RNA data from patients achieving pCR revealed multiple
abnormal peaks on electropherograms between the normal 28S and 18S rRNA bands, in addition
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to reduced 28S and 18S peaks. These chemotherapy-induced abnormal “inter-region” ribosomal
RNA (rRNA) degradation bands were distinct from the typical lower molecular weight “fast
region” peaks representing autolytically degraded RNA, which the RIN algorithm had been
specifically developed to assess119. Collectively, the formation of these abnormal high molecular
weight rRNA degradation bands along with the reduction in 28S and 18S bands in response to
chemotherapy treatment was termed “RNA disruption”116. RNA disruption patterns induced in
chemotherapy-treated tumours often resulted in a RIN value of “N/A” by the Bioanalyzer, since
the Bioanalyzer detects an abnormal RNA banding pattern. Additionally, tumour RIN values
were not significantly different between patients at baseline, but strongly decreased mid- and
post-treatment for pCR responders119.
Since there was a correlation between chemotherapy-induced reductions in tumour RNA
integrity and post-treatment pathologic complete response, it was predicted that RNA disruption
could serve as a useful biomarker to distinguish between chemotherapy- responsive and resistant
breast cancer tumours. To better quantify RNA disruption, the RNA disruption assay (RDA) was
developed. The RDA quantitatively assesses the magnitude of RNA disruption in chemotherapytreated tumours using a proprietary algorithm that generates RNA disruption index (RDI) values
from raw Bioanalyzer capillary electrophoresis data116. RDI values express the ratio of abnormal
rRNA peaks to normal rRNA peaks for a given sample. Thus, a low RDI value would suggest
intact rRNA, while a high RDI value would indicate more degraded rRNA116.
To continue to assess whether the RDA could monitor patient response to neoadjuvant
systemic chemotherapy at mid-treatment, RDI data from 85 MA.22 patients was stratified into
three RDI zones based on their mid-treatment RDI values and post-treatment pCR outcomes116.
It is also important to note that significant variations in tumour RDI values observed mid- and
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post-treatment were not present pre-treatment. Zone 3 patients with high tumour RNA disruption
had a higher frequency of pCR, compared to patients with low to moderate RNA disruption
(zones 1 and 2), suggesting an association between high RNA disruption and tumour cell death.
The lack of pCR in Zone 2 patients suggests that they have residual disease who may benefit
from switching to alternative treatments. Most importantly, low tumour RNA disruption for
patients in zone 1 predicts for non-responders who are extremely unlikely to achieve pCR. The
limitation of this study is the number of patients achieving a pCR. Only seven of eight pCR
responders were clustered in zone 3, while zones 2 and 1 had 1 and 0 pCR responders,
respectively. While this is supportive of the association of pCR with RNA disruption, a larger
sample size is required to rigorously test with association. Nevertheless, RDA appeared able to
properly stratify chemotherapy pCR responders and non-responders, regardless of breast tumour
subtype116.
More promising data was obtained from this study on the relationship between tumour
RNA disruption and disease-free survival (DFS) post-treatment117. All patients in the MA.22
clinical trial were assessed for DFS 108 months post-treatment and the patients assigned to each
of the 3 RDA zones. DFS was approximately 2-fold greater for patients with mid-treatment
tumours in zone 3 tumours relative to those in zone 1. Overall, low mid-treatment tumour RNA
disruption was associated with a lack of pCR and markedly inferior DFS post-treatment,
regardless of breast cancer tumour subtype. Additionally, DFS for patients in zone 3 that did not
achieve pCR was similar to that of pCR recipients, suggesting that RDA may be superior to pCR
as a positive prognostic biomarker for disease outcome after neoadjuvant chemotherapy117.
Interestingly, in a small study, mid-treatment RDI did not correlate with tumour
shrinkage as observed by imaging techniques like PET or MRI116. Even though most tumours
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generally shrink with treatment, only a minority of breast cancer patients achieve increased
DFS120,121. While imaging techniques like PET and MRI are candidate prognostic markers for
chemotherapy response, they do not have sufficient correlation with pCR or other measures of
clinical response to be widely implemented in clinical decision-making122,123. Similar to the
candidate prognostic biomarkers previously discussed in the context of ICI drugs, these markers
are generally predictive for non-response in the overall population, but are not sufficiently
accurate for us on an individual patient basis124.
Currently, pCR is recognized as the best prognostic marker of DFS in chemotherapy125.
Nevertheless, pCR has limitations, in particular because it is assessed post-treatment, where
intervention is no longer possible for chemotherapy non-responders. Unlike pCR, RDA can be
assessed early in therapy. In some tumours, differences in RDI between responders and nonresponders could be detected as early as 14 days after initiation of chemotherapy116. This
suggests another reason as to why the RDA may be superior to pCR for use in response-guided
primary systemic breast cancer chemotherapy. As the RDA must be further validated prior to
clinical use, an international clinical trial (BREVITY)126 is currently in progress to assess in
approximately 750 breast cancer patients the RDA’s ability to predict pCR and DFS early during
neoadjuvant chemotherapy.
The underlying mechanisms involved in chemotherapy-induced RNA disruption are not
currently well-understood. Unpublished in vitro RDA experiments from the Parissenti laboratory
have revealed that RNA disruption is a widespread phenomenon that can be induced by a variety
of mechanistically distinct chemotherapy agents and cellular stressors in multiple tumour cell
lines, indicating that pathways involved may be complex, but ultimately impinge on ribosomal
RNA degradation pathways. Establishing an in vitro RDA model can allow for the study of
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mechanisms involved in the process of RNA disruption. Although an understanding of RNA
disruption mechanisms is not required for in vitro or in vivo applications of the RDA, it can
allow for greater comprehension of clinical applications. There is also the possibility for
discovery of anti-cancer drugs that specifically promote RNA disruption in tumours, but spare
host tissues.
1.2.3. RNA, ribosomes, and their role in translation
Although there is still a great lack of information regarding the mechanisms of how
chemotherapy agents affect ribosome structure and induce rRNA degradation, knowledge of
cellular mechanisms regulating ribosome synthesis and degradation can allow for a better
comprehension of RNA disruption. RNA is a molecule essential to all forms of life127. While
RNA has many critical functions in the human body, its major role is to “translate” proteinencoding genes into proteins, which are required for the structure, function, and regulation of the
body’s tissues and organs128. During transcription, DNA is transcribed into messenger RNA
(mRNA), which facilitates the translation of genetically coded information into proteins129.
Additional RNA classes are required for translation. Transfer RNAs (tRNA) shuttle amino acids,
the “building blocks” of proteins, to the growing peptide chain during protein synthesis on
ribosomes. Ribosomal RNAs (rRNA) contribute to the formation of the ribosome, which is the
primary effector of protein synthesis. In fact, rRNA constitutes approximately 80% of total
eukaryotic cell RNA129.
Translation consists of three major stages: initiation, elongation, and termination130.
Initiation begins when mRNA binds to the small ribosomal subunit and encounters a start codon.
Once initiation factors dissociate, the large subunit binds to the small subunit, allowing for
protein synthesis to begin. During elongation, tRNAs deliver the appropriate amino acid to the
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growing peptide chain based on complementary sequences between the three-nucleotide codons
of the mRNA chain and the three-nucleotide “anti-codons” of the tRNAs. Termination occurs
when a stop codon of the mRNA sequence enters the ribosome, signaling the end of translation.
Release factors associate with the ribosome, promoting disassembly of the ribosome and release
of the nascent protein130.
Ribosomes are large macromolecular complexes made up of two subunits131. In the
eukaryotic ribosome, the two subunits form an 80S structure, where “S” refers to the measure of
a particle’s size based on its sedimentation rate under acceleration in Svedberg units 132. Each
subunit is composed of one or more ribosomal RNAs (rRNAs) and numerous proteins131. The
large (60S) subunit of the eukaryotic ribosome consists of the 28S, 5.8S, and 5S rRNAs, which
are 5025, 160, and 120 nucleotides (nt) in length, respectively, as well as 46 ribosomal proteins.
The small subunit (40S) of the ribosome consists of the 1900 nt 18S rRNA and 33 ribosomal
proteins. The large subunit catalyzes the formation of peptide bonds, while the small subunit
matches tRNA molecules to their complementary mRNA codons131.
Humans have approximately 21,000 protein coding genes, but not all are expressed at any
given time133. The abilities to induce the proper genes and subsequent protein expression at the
right times are not only critical to growth and development, but also to maintaining basic
functions for survival.
1.2.4. rRNA degradation
As previously described, intact rRNA is critical to ribosome function and cell survival.
To prevent errors in RNA biosynthesis and function, surveillance mechanism exists in cells to
identify and degrade non-functional rRNAs, tRNAs, and mRNAs in a specialized and controlled
manner. RNA-degrading enzymes (ribonucleases or RNAses) typically play a role in RNA
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degradation through interaction with co-factors such as helicases, polymerases, and chaperone
proteins134. Although there is little knowledge regarding chemotherapy-induced rRNA
degradation mechanisms, there is the possibility that RNAses may be involved in the process of
RNA disruption when cells are stressed or damaged by chemotherapy. Additionally, Burger et al.
observed that a variety of chemotherapy drugs inhibited ribosome biogenesis in vitro at various
stages, which may contribute to the efficacy of chemotherapy agents135. Specifically, drugs
inhibited rRNA synthesis at the level of rRNA transcription (e.g. doxorubicin), early rRNA
processing (e.g. camptothecin), or late rRNA processing (e.g. 5-fluorouracil)135.
While the degradation of DNA into internucleosomal fragments is well-characterized as a
hallmark of apoptosis, studies using apoptosis-inducing agents have also revealed ordered rRNA
fragmentation in mammalian cells. For example, Houge et al. found that apoptosis in rat and
human leukemia cells, rat thymocytes, and bovine endothelial cells was accompanied by limited
and specific cleavage of 28S rRNA, but not 18S rRNA136. Apoptosis-inducing agents used in this
study included okadaic acid (a phosphate inhibitor), tumour necrosis factor (TNF), and
glucocorticoids. Samali et al. also detected rRNA fragmentation when treating Molt-4 and U937
human leukemia cells with a variety of apoptosis-inducing agents137. However, King et al.
showed that in mouse thymoma cells treated with calcium ionophore, rRNA degradation can
occur in a caspase/Bcl-2-independent pathway, suggesting that apoptosis may not be required for
rRNA degradation to occur138. Additionally, Fimognari et al. demonstrated that cells exposed to
doxorubicin, H2O2, and S-nitroso-N-acetylpenicillamine (SNAP; a nitric oxide donor) revealed
aberrant patterns in RNA electropherograms due to damaged RNA139. While these studies
demonstrate rRNA degradation by different cell death-inducing agents, there is still very little
knowledge in regards to chemotherapy-induced rRNA degradation in mammalian cells.
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Similarly, Domingo-Gil et al. found that the suppression of protein synthesis as a
consequence of rRNA degradation results in either direct or indirect activation of caspases and
subsequent apoptosis140. This supports a potential mechanism by which cells can tolerate a
certain level of rRNA degradation and cellular stress prior to cell death116. Additionally, protein
synthesis is very energetically costly141. Thus, cells under stress often suppress protein
translation to conserve energy142. rRNA degradation would also help to suppress protein
translation

and

conserve

cellular

energy

expenditures

until

the

damage

becomes

irreversible116,140.
In regards to rRNA degradation and overall effects on the cell, if rRNA degradation is
minimal amongst all tumour cells or is only present in a small subset of cells, then the tumour
cells can likely survive with compromised function116. When RNA disruption is moderate,
tumour cells can no longer produce proteins and other substances required for cell division. If
RNA disruption becomes extensive, tumour cells can no longer maintain their basic function and
would die. Overall, when RNA disruption exceeds low levels, tumour cells become nonviable116.
1.3. Hypothesis and research objectives
While ICI therapies can provide life-changing benefits to patients with certain cancers,
not all patients respond to treatment. Biomarkers currently used to predict patient response to
ICIs are not ideal. Qualitative methods may not accurately detect responses, while quantitative
methods are lacking standardized cut-off points. Thus, there is the need for methods to better
predict clinical outcomes of ICI treatment. Since the RDA has been shown to accurately stratify
chemotherapy responders from non-responders in vivo, and RNA disruption has been shown to
be induced by a variety of distinct chemotherapy agents and cellular stressors, there is the
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possibility that the RDA may be able to function as a prognostic biomarker for
immunomodulatory therapies, as well. Thus, the overall objective of this study is to assess the
ability of the RDA to quantify/monitor immune cell-mediated destruction of tumour cells, the
mechanism by which ICI therapies function. The NK/K562 cell killing assay used in this study is
well-established in literature due to K562 cell sensitivity to NK cell recognition and
killing75,143,144,145,146. Unlike most cells in the human body, K562 cells do not express MHC class
I147,148. Thus, K562 cells are unlikely to cause inhibition of NK cells, due to lack of interaction of
MHC I with the killer cell immunoglobulin-like receptors (KIR) of NK cells15. First, we
hypothesize that a variety of chemotherapy agents and cellular stressors will induce RNA
disruption in K562 chronic myeloid leukemia cells. We also hypothesize that freshly isolated
human NK cells will also induce both RNA disruption and loss of membrane integrity in K562
cells in a cell number-dependent manner, and that there will be a direct positive correlation
between NK cell-mediated RNA disruption and NK cell-induced loss of membrane integrity.
Furthermore, we propose that pre-activation of freshly isolated NK cells with IL-2 (often used in
standard NK/K562 cell assays to enhance target cell killing149,144,150,151) will augment both K562
RNA disruption and loss of membrane integrity in a dose-dependent manner. We also predict
that pre-incubation of K562 cells with the chemotherapy drug doxorubicin will augment NK
cell-mediated K562 RNA disruption and loss of membrane integrity. Finally, we hypothesize
that the pattern of K562 rRNA degradation fragments induced by NK cells will be similar to that
induced by chemotherapy agents – suggesting the activation of a similar process.
To investigate these hypothesis, 6 experimental objectives have been proposed:
1) Explore the ability of various chemotherapy agents and cellular stressors to induce RNA
disruption in a dose- and time-dependent manner in the K562 cell line
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2) Determine whether NK cells can induce (K562) tumour cell RNA disruption and loss of
membrane integrity in a cell number-dependent manner
3) Determine whether pre-activation of NK cells with IL-2 can augment NK cell-mediated
K562 RNA disruption and loss of membrane integrity in a dose-dependent manner
4) Determine whether chemotherapy agents (doxorubicin) can augment NK cell-mediated
K562 RNA disruption
5) Validate whether there is a correlation between NK cell-mediated RNA disruption and
loss of membrane integrity in K562 cells
6) Determine whether the pattern of K562 rRNA degradation fragments induced by NK
cells is distinct from that induced by chemotherapy agents
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2.0. Materials and Methods
2.1. Cell Culture
The K562 human chronic myeloid leukemia cell line (ATTC CCL-243TM) was purchased
from the American Type Culture Collection (ATCC, Manassass, VA, USA). K562 cells were
maintained in IMDM medium (HyClone, South Logan, Utah, USA) supplemented with 10%
fetal bovine serum (FBS) (Gibco, Thermo Fisher Scientific, Mississauga, ON, Canada). K562
cells were cultured in T75 suspension tissue culture flasks (Sarstedt, Nümbrecht, Germany) in a
water jacketed incubator set to 37°C and 5% CO2. Cells were allowed to proliferate to a
maximum of 1 million cells/mL prior to subculture. K562 cells were selected for this
investigation since they are sensitive to NK cell-mediated killing due to very low expression of
MHC class I152.
2.2. Chemotherapy drug treatments and medium dilution
Multiple chemotherapy agents were used in this study to induce RNA disruption in the
K562 cell line, including carboplatin (CBN), doxorubicin (DOX), docetaxel (DXL), epirubicin
(EPI), etoposide (EPEG), irinotecan (IRN), paclitaxel (TAX), and vincristine (VIN). All
chemotherapy agents were kindly donated by the pharmacy at Health Sciences North (Sudbury,
ON, Canada) to Dr. Amadeo Parissenti’s research group. Drug concentrations were selected
based on previous chemotherapy drug experiments performed by members of Dr. Parissenti’s
research group. For all experiments using chemotherapy drugs or medium dilution, including
DOX-pre-treatment of K562 cells for combination with NK cells, K562 cells were plated in a 6well plate at 250 000 cells/well with the appropriate drug concentration in IMDM + 10% FBS
and incubated for time points ranging from 8 h to 72 h. Drugs were previously diluted in a 15 mL
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conical centrifuge tube. For medium dilution conditions, cell culture medium was diluted with
phosphate buffered serum (PBS).
2.3. RNA extraction
Total RNA was extracted from treated or untreated K562 cells using the RNeasy Mini Kit
from Qiagen (Mississauga, ON, Canada). The medium and cells from cultures were collected
into appropriate tubes and centrifuged at 500 x g for 5 minutes to collect cells. After discarding
the supernatant, cells were homogenized in 350 μl of Buffer RLT lysis buffer by passing the
lysate at least 5 times through a 20-gauge needle fitted to a 1 mL syringe. One volume (350 μL)
of 70% ethanol was added to the homogenized lysate and mixed well by pipetting. Up to 750 μL
of the sample was transferred to a silica-based RNeasy spin column placed in a 2 ml collection
tube. The columns were then centrifuged at 8000 x g for 15 seconds to allow binding of the RNA
to the silica-based RNeasy spin columns. The column was washed using 700 μL of Buffer RW1
8000 x g for 15 seconds. A second and third wash were performed with 500 μL Buffer RPE at
8000 x g for 15 seconds and 2 minutes, respectively. RNeasy spin columns were then placed in
new 1.5 mL collection tubes. To elute bound RNA, 35 μL of RNAse-free water was directly
added to the spin column membrane, and columns were centrifuged at 8000 x g for 1 minute.
Samples were stored at -80° C.
2.4. RNA analysis
The integrity of the extracted total RNA was measured by capillary gel electrophoresis
using the Agilent 2100 Bioanalyzer (Agilent Technologies Canada Inc., Mississauga, ON,
Canada). RNA was loaded onto an RNA Nano Chip as per the manufacturer’s instructions
(https://www.agilent.com/cs/library/usermanuals/Public/G2938-90034_RNA6000Nano_KG.pdf)
and analyzed by the Bioanalyzer to obtain virtual gel and electropherogram data. Raw data files
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were sent to RNA Diagnostics Inc. (Toronto, ON, Canada) for calculation of RDI values using
their proprietary algorithm. RDI values represent the mass ratio of abnormal to normal rRNA
bands. RNA disruption was defined as positive when there was a reproducible reduction in 28S
and 18S rRNA bands and the formation of abnormal rRNA fragmentation bands in the interregion. This would result in increased RDI values. RNA disruption did not occur when there was
the absence of significant change in RDI and the absence of observable reproducible changes in
the virtual gel image banding pattern. Although total RNA is isolated, the rRNAs are the only
RNAs visualized as distinct peaks on electropherograms153. RNA concentrations were measured
using the Thermo Scientific NanoDrop One Microvolume UV-Vis Spectrophotometer
(Mississauaga, ON, Canada).
2.5. Recruitment of blood donors
Participants were recruited from Sudbury, ON, Canada through advertisements sent to
Laurentian University, Health Sciences North, Health Sciences North Research Institute, and the
Northern Ontario School of Medicine (REB protocol #6016116). Inclusion criteria for healthy
donors were: between 20-59 years old, no prior history of anemia, over 54 kg, non-smoker, no
chronic inflammatory diseases, and no regular use of anti-inflammatory drugs. A registered
phlebotomist collected approximately 50-60 mL of blood from each donor once a week for up to
5 weeks. Seven donors provided blood for this study, but some samples were used for
optimization of results; thus, only results from 5 donors are described. Each experimental
replicate involved multiple technical replicate samples from individual donors.
2.6. Isolation of human PBMCs
To isolate human PBMCs, seven 10 mL Vacutainer® heparinized tubes (BD, Franklin
Lakes, NJ, USA) of venous whole blood were collected from consenting, healthy human
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volunteers. Tubes were inverted several times to ensure proper mixing. The contents of each tube
were placed in 50 mL conical centrifuge tubes and the blood was diluted 1:1 with PBS free of
Ca++ and Mg++ with 2% FBS, followed by gentle mixing by repeated tube inversion. Carefully,
15 mL of Ficoll-Paque PLUS density gradient media (GE Healthcare Life Sciences, Mississauga,
ON, Canada) was pipetted through the central hole of the insert of each of four SepMate-50
tubes (Stemcell Technologies, Vancouver, BC, Canada). Keeping the tubes vertical, equal
volumes of up to 35 mL of the diluted blood sample were carefully pipetted down the sides of
the Sepmate™-50 tubes to be layered on top of the density gradient media. The Sepmate™-50
tubes were then centrifuged without delay for 1200 x g for 20 minutes. PBMCs residing at the
interface between the Sepmate™-50 insert and the blood serum were immediately removed and
transferred to fresh 50 mL conical centrifuge tubes. PBMCs were washed with EasySep™ Buffer
(Stemcell Technologies, Vancouver, BC, Canada), and then harvested by centrifugation at 300 x
g for 8 minutes. After removal of the supernatant, PBMCs were re-suspended in 30 mL of
EasySep™ Buffer. To remove platelets, PBMCs were centrifuged for 200 x g for 10 minutes
with the centrifuge brake turned off. After removal of the supernatant, the PBMC pellet was resuspended in 1 mL of EasySep™ Buffer, and the cells were counted using a haemocytometer.
The cells were then diluted with EasySep™ Buffer to a concentration of 5 x 107 cells/mL.
2.7. Enrichment of NK cells from PBMC population
NK cells have a frequency of 5-20% within the PBMC population154. Thus, it was
necessary to isolate them from other cells within the mixture, allowing for an enriched NK cell
population consisting of >80% NK cells155,156. To accomplish this, the EasySep™ Human NK
Cell Isolation Kit (Stemcell Technologies, Vancouver, BC, Canada) was used, which applies a
negative selection method where almost all PBMCs except NK cells are removed by magnetic
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beads coupled to antibodies that recognize non-NK cell differentiation (CD) markers on their cell
surfaces. After incubation with the magnetic beads, non-NK cells were removed from the PBMC
population using an EasySep™ Magnet (Stemcell Technologies, Vancouver, BC) placed around
the tube of PBMCs. This permitted the enriched NK cells to be poured out of the tubes for
subsequent experimental use. Previously isolated PBMCs at a concentration of 5 x 107 cells/mL
at 0.25-2 ml total volume were added to a 5 mL (12 x 75 mm) polystyrene round-bottom tube.
Isolation Cocktail from the kit was added at a ratio of 50 μL/mL of sample and incubated at
room temperature (RT) for 5 minutes after mixing. Rapidspheres™ (previously vortexed for 30 s
to ensure even dispersal) were then added at a ratio of 50 μL/mL of sample. EasySep Buffer was
then immediately added to bring the sample to a final volume of 2.5 mL. After mixing by gently
pipetting up and down 2 to 3 times, the sample tube was placed without a lid into the EasySep™
Magnet for a 3 minute incubation at RT. The magnet with the tube still inside was then picked
up, and in one continuous motion, the desired NK cells were poured into a 15 mL conical
centrifuge tube. The freshly isolated NK cells were harvested by centrifugation at 400 x g for 3
minutes. After supernatant removal, NK cells were re-suspended in 1 mL of IMDM
supplemented with 10% FBS for counting with a haemocytometer.
2.8. Flow cytometry for purity assessment of NK cells
NK cells used in this study were obtained from freshly isolated blood from healthy
volunteers. Following PBMC isolation (Section 2.6.), NK cells within the PBMC population
were isolated by negative selection using the EasySep™ Human NK Cell Isolation Kit (Section
2.7.). Thus, flow cytometry was performed to ensure that the purity of NK cells after enrichment
from the PBMC population was >80%155,156. Three fluorochrome-conjugated antibody clones all
obtained from BD Biosciences (Mississauga, ON, Canada) were used to assess the purity of NK
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cells as the % of cells having the following expression profile for surface cell differentiation
markers: CD56+, CD3-, CD45+. PE-CF594 Mouse Anti-Human CD45 Clone HI30 is a panleukocyte marker that was included, as it is widely used for gating the lymphocyte population in
tricolour flow cytometry157. PE Mouse Anti-Human NCAM-1 CD56 Clone R19-760 was also
included due to the presence of the CD56 antigen on NK cells and a subset of T cells. In
addition, BB515 Mouse Anti-Human CD3 Clone UCHT1 was included due to presence of the
CD3 antigen on T cells, allowing for identification the NK cell population, which is uniquely
CD56+ and CD3-. No stain, single antibody stain, and fluorescence minus one controls (where
one fluorophore is removed at a time to reveal the amount of fluorescent spillover of other stains
in the panel into the left out parameter) were used to determine gates and compensation for flow
cytometric

characterization

of

both

PBMC

and

enriched

NK

populations.

For

immunofluorescence staining of the cell populations, PBMCs and isolated NK cells were resuspended to a concentration of 1 x 106 cells/mL in cold (4ºC) PBS containing 1% bovine serum
albumin (BSA) following the most recent centrifugation of PBMCs (Section 2.6.) and isolated
NK cells (Section 2.7.). Cell aliquots of 100 μL were added to 1.5 mL centrifuge tubes.
Antibodies were added at 5 μL/100 μL of sample. The samples were well-mixed and incubated
at 4ºC for 30 minutes with tubes wrapped in aluminum foil to avoid exposure to light. After
incubation, cells were washed with 1 mL of PBS + 1% BSA at 400 x g for 5 minutes. The
supernatant was carefully aspirated and the cell pellet was re-suspended in 0.5 mL of PBS + 1%
BSA. Samples were transferred to 5 mL (12 x 75 mm) polystyrene round-bottom tubes to be
assessed by the Beckman Coulter Cytomics FC500 (Mississauga, ON, Canada). A total of 20
000 events per sample were measured. Analysis was performed using the Beckman Coulter CXP
Analysis Software (Mississauga, ON, Canada).
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2.9. Incubation of NK cells with K562 tumour cells
Following enrichment of NK cells from the PBMC population (Section 2.7.), the volume
was adjusted to allow for an NK cell concentration of 4 x 106 cells/mL. Three sequential 2-fold
serial dilutions of NK cells originally at 4 x 106 cells/mL were performed to modify the effector
(NK cell) to target (K562 cells) ratio. K562 cells, propagated as described above, were
centrifuged at 500 x g for 5 minutes and re-suspended at 1 x 106 cells/ mL. Aliquots of 100 μL of
K562 cells (containing 1 x 105 cells) were added to aliquots of 100 μL NK cells to obtain 4:1,
2:1, 1:1, and 0.5:1 NK cell/tumour cell ratios for a total volume of 200 μL in a Corning 96-well
flat-bottom TC-treated plate (Corning, NY, USA). K562 cell controls included K562 cells (1 x
105 cells) alone at 0 h and 4 h incubations and K562 cells (1 x 105 cells) alone submitted to
CD56+ selection at 0 h and 4 h incubations. NK cell controls included 4 h incubations of 4x105,
2 x 105, 1 x 105, and 5 x 104 NK cells, corresponding to the number of NK cells used in the 4:1,
2:1, 1:1, and 0.5:1 NK cell/tumour (effector to target) cell ratio conditions. The 4 h incubations
were performed in an incubator set to 37°C and 5% CO2.
2.10. Activation of NK cells with IL-2
Recombinant human IL-2 (Peprotech, Rocky Hill, NJ, USA) was used to activate NK
cells prior to incubation with K562 cells (Section 2.9.). IL-2 concentrations were selected based
on most common doses used in previous literature149,158,159. Once NK cells were isolated from
fresh human PBMCs, they were re-suspended in RPMI-1640 medium (Hyclone, South Logan,
UT, USA) supplemented with 10% FBS. Immediately, NK cells were incubated overnight
(approximately 16 h) at 1 million cells/mL in a 24-well plate with 100 IU/mL and 1000 IU/mL
IL-2 in a 37°C and 5% CO2 incubator. After overnight incubation with IL-2, NK cells were
centrifuged at 400 x g for 3 min and re-suspended in IMDM supplemented with 10% FBS at 4 x
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106 cells/mL to be plated with K562 cells at the appropriate assay ratios, as described in Section
2.9.
2.11. Separation of NK cells from K562 cells
The NK cells from the K562/NK cell mixtures were then removed by a CD56 positive
selection method using the EasySep™ Human CD56 Positive Selection Kit II (Stemcell
Technologies, Vancouver, BC, Canada). A subset of 0 h and 4 h K562 cell only controls were
also submitted to CD56+ selection using this method. After the 4 h incubation period (for 4 h
time points) or immediately after aliquoting of 1x105 K562 cells (for 0 h time points), cells were
transferred to 1.5 mL centrifuge tubes and centrifuged for 500 x g for 5 minutes. After removal
of the supernatant, the pellet from the centrifugation was re-suspended in 100 μL of EasySep™
Buffer and transferred to a 5 mL (12 x 75 mm) polystyrene round-bottom tube. Isolation Cocktail
from the kit was added to the sample at a ratio of 100 μL/mL and the sample was incubated at
RT for 3 minutes. Rapidspheres™ (previously vortexed for 30 s for even dispersal) were then
added to the sample at a ratio of 100 μL/mL and the sample was incubated at RT for 3 minutes.
EasySep™ Buffer was then added to the sample to create a final volume of 2.5 mL, and the
sample was mixed by gently pipetting up and down 2-3 times. Each tube (without lid) was then
placed into the EasySep™ Magnet and incubated at RT for 3 minutes. The magnet with the tube
still inside was then picked up, and in one continuous motion, the supernatant (containing intact
and/or lysed K562 cells) was poured into a 15 mL conical centrifuge tube. The supernatant was
then centrifuged at 500 x g for 5 minutes, after which RNA extraction and RNA analysis
(Sections 2.3. and 2.4.) were performed on pelleted tumour cells.
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2.12. Cytotoxicity assay – loss of membrane integrity of K562 cells
NK cell cytotoxicity was assessed by monitoring the ability of the cells to induce loss of
membrane integrity in K562 cells using the Incucyte® S3 Live Cell Analysis System (Sartorius,
Ann Arbor, MI, USA), which allows cells to be automatically imaged and analyzed as they sit
within the tissue culture incubator. Incucyte® CytoLight Rapid Red Reagent was used to label
live K562 cells. It is a live-cell labelling dye that freely passes through cell membranes, where it
is transformed into a cell membrane-impermeable form. CytoLight Rapid Red is transferred to
daughter cells, but it does not transfer to neighbouring cells. Incucyte® Cytotox Green Reagent
was then used to count the number of K562 cells experiencing loss of membrane integrity. It is a
dye that enters cells and yields an increase in fluorescence upon binding to DNA once cells
become unhealthy and plasma membrane integrity diminishes. To label K562 cells with
Incucyte® CytoLight Rapid Red Reagent, K562 cells were collected into a 15 mL conical
centrifuge tube and centrifuged at 500 x g for 5 minutes. For DOX-pre-treated K562 cells, K562
cells were collected into three separate 15 mL conical centrifuge tubes to accommodate for each
treatment of 0, 1, and 10 µM DOX. The supernatant was discarded, and the pellet was resuspended in 10 mL of PBS free of Ca++ and Mg++ to wash cells. After washing and
centrifugation, the supernatant was aspirated and K562 cells were re-suspended in PBS free of
Ca++ and Mg++ at a cell density of 1 x 106 cells/mL. Incucyte® CytoLight Rapid Red Reagent
was added to K562 cells at a final concentration of 300 μM. The mixture was incubated for 20
minutes at 37ºC with mixing by inversion every 10 minutes. After incubation, excess dye was
removed by adding 6-fold excess volume of IMDM containing 10% FBS and centrifuging at 500
x g for 5 minutes. The supernatant was aspirated and K562 cells were re-suspended at 4x106
cells/mL. K562 cells and NK cells at 4:1, 2:1, 1:1, and 0.5:1 NK cell/K562 cell ratios were plated
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in a 96-well flat-bottom plate, as previously described in Section 2.9., except 50 μL aliquots of
each cell type were plated for optimal imaging densities in 96 cell plates. After plating of cells,
Incucyte® Cytotox Green Reagent was added directly to each well to yield a final dye
concentration of 100 μM. Cells were settled to the bottom of the plate for 20-30 minutes prior to
imaging. Cells were then placed in the Incucyte® S3 Live Cell Analysis System for 4 hours at
37°C and 5% CO2 for imaging at 10x magnification every 15 minutes to assess NK cellmediated loss of membrane integrity in K562 cells. NK cells were excluded from loss of
membrane integrity counts using the size filter feature of the Incucyte® S3 Live Cell Analysis
System, since NK cells are considerably smaller than K562 cells (as observed in Figure 10).
2.13. Statistical Analyses
A P-value of <0.05 was statistically significant for this study. A two-way analysis of
variance (ANOVA) with Tukey multiple comparisons test was used to assess significant
differences between treatments in the DOX dose- and time- course. A two-tailed paired T-test
was used in loss of membrane integrity experiments to assess the significance of differences
between red cell counts at 4 h relative to 0 h (Figure 11a and 13a) and between IL-2 treatments
relative to their respective no IL-2 controls (Figure 13). A Pearson’s correlation coefficient (r)
was used to assess the correlation between NK cell-mediated RNA disruption and loss of
membrane integrity in K562 cells. All other statistical analyses were performed using a onetailed paired T-test. Statistical analyses were computed using the GraphPad Prism 5 software.
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Figure 1. Workflow of protocol optimized to assess NK cell-mediated effects on K562 RNA
disruption and loss of membrane integrity.
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3.0 Results
3.1. RNA analysis of K562 cell line treated with chemotherapy agents and cellular stressors
This project was the first to investigate the ability of NK cells to induce RNA disruption
in the K562 cell line. Thus, prior to assessing the ability of the RDA to monitor response to
immunomodulators, previous well-established methods from our laboratory were used to
determine whether K562 cells could manifest RNA disruption in response to chemotherapy
agents and other stressors. Within our laboratory group, RNA disruption was shown to be
induced by a variety of chemotherapy agents and cellular stressors in multiple tumour cell lines,
such as the A2780 human ovarian carcinoma cell line160. We used the same approach to assess
the ability of chemotherapy agents to induce RNA disruption in K562 cells. These experiments
would then allow us to compare the pattern of chemotherapy-induced rRNA degradation
fragments in K562 cells without those, if any, generated by NK cells (Section 3.11.).
3.1.1. Dose and time effect of DOX on K562 RNA integrity and RNA concentration
Doxorubicin (DOX) is a chemotherapy agent that has reproducibly been shown to induce
RNA disruption across multiple tumour cell lines in the Parissenti laboratory. DOX doses of 0.1,
1, and 10 µM, in addition to time points of 8 h, 24 h, 48 h, and 72 h were selected for this
experiment based on previous optimization in our laboratory using A2780 cells. Using a twoway analysis of variance (ANOVA) statistical test, it was found that DOX increases the RNA
disruption index (RDI) of K562 cells in both a dose- and time- dependent (F(9, 32) = 13.58;
p<0.0001). The ability of drugs to induce RNA disruption was also assessed by measuring the
significance of differences in the RNA disruption index between drug-treated cells and untreated
cells (0 µM dose) at the same incubation time using Tukey multiple comparisons test. Three
independent replicates of DOX-free 0 µM controls revealed faint, observable rRNA degradation
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bands and slightly greater RDI values at early time points (0 h and 8 h) relative to later time
points (24 h, 48 h, 72 h), which showed little RNA disruption and lower RDI values (Figures 2a
and b). This was likely background RNA disruption attributed to the stress and normal rRNA
turnover occurring during cell culture. At every time point, cells treated with 0.1 µM DOX
revealed a minimal amount of abnormal rRNA degradation bands (low RDI value). For 1 and 10
µM DOX-treated cells, although there was an observable trend of increasing RNA disruption
bands with longer exposure to the drug, the RDI value was only significantly greater than the
respective 0 µM control at the latest time point (72 h), with a 24.0- (p<0.05) and 81.3-fold
increase (p<0.001) at 1 and 10 µM DOX, respectively. Although not statistically significant,
reduced 28S and 18S signals with increased presence of intermediate bands induced by 1 µM
and 10 µM DOX at 48 h, along with a 24.0- and 36.0- fold increase in RDI, respectively, relative
to the 0 µM control suggests positive RNA disruption for those conditions. These results suggest
that DOX can induce RNA disruption in K562 cells in a dose- and time- dependent manner.
These results also confirm that K562 cells are capable of exhibiting chemotherapy-induced RNA
disruption.
To determine the effect of DOX and other drugs on cellular RNA levels, isolated total
RNA from cells was loaded onto a NanodropTM spectrophotometer for RNA quantification. It
was found that DOX also results in a decrease in the RNA concentration of K562 cells in both a
dose- and time- dependent manner (F(9, 32) = 18.82; p<0.0001). There was an increase in RNA
concentration at the 0 µM dose over time due to the proliferation of K562 cells in culture (Figure
2c). There were no significant differences in RNA concentration between treated and untreated
cells at any DOX dose when the incubation time was for 8 h or 24 h. At the 48 h and 72 h time
points, the 0.1 µM dose revealed significantly reduced RNA concentration relative to the
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respective 0 µM control (-2.4-, and -3.4-fold changes, respectively), which became more
pronounced in a time-dependent manner. While the 0.1 µM dose revealed minimal rRNA
degradation patterns and minimal RNA disruption at all time points (Figure 2a and b), the
aforementioned significant reductions in RNA concentration with 0.1 µM DOX relative to 0 µM
DOX suggest that 0.1 µM DOX does have an effect on cell viability at 48 h and 72 h. The 1 and
10 µM DOX conditions also revealed significantly reduced RNA concentrations relative to their
respective 0 µM controls at the 48 h and 72 h time points (-14.3 and -30.0-fold changes,
respectively for 1 µM DOX, and -19.0- and -48.8-fold changes, respectively for 10 µM DOX).
RNA concentrations were extremely low post-treatment (Figure 2c). For these conditions, we
had seen strong RNA disruption and strong changes in the rRNA banding patterns and RNA
disruption (Figure 2a and b). These results suggested that DOX induces a decrease in K562 RNA
concentrations in a dose- and time- dependent manner. Additionally, these findings revealed that
DOX can induce reductions in cellular RNA concentration independently of RNA disruption.
However, the lack of RNA disruption does not necessarily mean that cells remained viable
during drug treatment.
Overall, these results suggest that the K562 cell line is capable of exhibiting RNA
disruption via an increase in abnormal rRNA fragmentation bands between the 28S and 18S
rRNA bands along with an accompanying decrease in mass of the normal 28S and 18S rRNA
bands. Additionally, DOX induced observable rRNA fragmentation, RNA disruption, and a
reduction in RNA concentration in a dose- and time- dependent manner in K562 cells. These
findings are further summarized in Table 3.
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Figure 2. RNA analysis of the dose- and time- dependent effect of doxorubicin (DOX) on K562
cells. K562 cells were exposed to 0, 0.1, 1, and 10 µM DOX for 0, 8, 24, 48, and 72 h. Total
RNA was isolated from cells following drug exposure, and RNA quality was assessed by
capillary electrophoresis using the Agilent 2100 Bioanalyzer. RNA concentrations were
measured using the Nanodrop. A – Virtual gel image of RNA. Image is representative of three
independent replicates. B – RDI values corresponding with samples in A. C – RNA
concentrations corresponding with samples in A. Statistically significant differences were
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analyzed by two-way analysis of variance (ANOVA) with Tukey multiple comparisons test.
Asterisks denote a significant difference between treatment and corresponding 0 M condition
for the same time point (* = p<0.05; *** = p<0.001; **** = p<0.0001).
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Table 3. Summary of RNA analysis of the dose- and time- dependent effect of doxorubicin (DOX) on K562 cells (n=3).

Time
(h)

8h

24 h

48 h

72 h

Mean
RDI
value

Fold change in
RDI relative
to 0 µM
control at
same time
point

P-value for
statistical
significance of
change in RDI

-

0.3

-1.2

1
10

+
+

0.6
0.6

0.1
1
10
0.1
1
10
0.1
1
10

+
+
++
++
++
+++

0.1
0.6
1.4
0.1
1.6
2.4
0.1
3.4
10.8

Dose
of
DOX
(µM)

Extent of
visually
observed rRNA
degradation

0.1

Mean
[RNA]
(ng/µL)

Fold change in
[RNA] relative
to 0 µM
control at
same time
point

P-value for
statistical
significance of
change in [RNA]

>0.999

136

+1.1

>0.999

+1.5
+1.4

>0.999
>0.999

112
76

-1.1
-1.6

>0.999
>0.999

+1.0
+0.7
+14.0
+1.5
+24.0
+36.0
+1.0
+25.8
+81.3

>0.999
>0.999
0.975
>0.999
0.913
0.384
>0.999
0.041
<0.0001

234
79
48
385
64
48
409
46
28

-1.4
-4.3
-6.9
-2.4
-14.3
-19.0
-3.4
-30.0
-48.8

0.999
0.318
0.176
0.002
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
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3.1.2. Effect of multiple stressors on K562 RNA integrity and RNA concentration
After finding that K562 cells can exhibit RNA disruption in response to DOX, the ability
of a variety of other chemotherapy agents and stressors to induce RNA disruption in the K562
cell line was assessed in order to determine whether RNA disruption is observed broadly and is
induced by many chemotherapy agents and stressors. Chemotherapy agents with different
mechanisms were selected, as well as medium dilution with PBS, which starved cells of critical
nutrients and growth factors. Due to multiple drugs being assessed, experiments were restricted
to a single exposure time of 72 h. This time point was expected to allow enough time for rRNA
degradation to occur, while preserving measurable RNA concentrations.
To select the optimal dose to replicate for each stressor, an initial survey was performed
to assess the effect of each stressor on RNA disruption across multiple doses (Figure 3). The
range of doses surveyed for each stressor was selected based on previous studies in our
laboratory using A2780 cells. For some chemotherapy agents, only one dose was included in the
initial survey, as the stressor’s optimal dose for K562 cells (within the selected range) had
already been explored by another laboratory member. The “optimal dose” was one that
demonstrated rRNA degradation, but not to the extent where the RNA content was nondetectable by the Nanodrop machine or RDA. If little rRNA degradation was observed across all
doses of a stressor, then the highest dose within the range was pursued. From this survey, the
selected dose for each stressor became the first replicate for experiments depicted in Figure 4.
Statistical analyses for the data in Figure 3 were not performed since only one replicate
was employed for each drug in the initial survey. Within the initial survey, minimal rRNA
degradation was observed across all carboplatin (CBN) and paclitaxel (TAX) doses relative to
the no treatment (NT) control (Figure 3a). RDI values were accordingly low (Figure 3b). Thus,
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the highest doses of those drugs (200 µM CBN and 2 µM TAX) were pursued. Previously
optimized single doses of docetaxel (DXL), vincristine (VIN), cisplatin (CIS), and irinotecan
(IRN) for A2780 ovarian tumour cells also revealed minimal rRNA degradation and RDI (Figure
3a and b). Both 1 µM and 10 µM doses of epirubicin (EPI) were potentially optimal based on
rRNA degradation fragments and RDI values. Thus, both EPI doses were pursued to account for
potential variability between repeated experiments. For etoposide (EPEG), only the highest dose
(100 µM) exhibited observable rRNA degradation and increased RDI, thus it was solely pursued.
For medium dilution treatments, 25% medium (or 75% PBS) resulted in minimal rRNA
degradation and low RDI, while 10% medium revealed a slight increase in rRNA degradation
banding and RDI. The 5% medium treatment resulted in strong rRNA degradation and increased
RDI, observed as very faint 28S and 18S signals with high abnormal rRNA signals. Both 10%
and 5% medium dilution treatments were pursued to account for variability between replicates,
such as the potential for the 5% medium condition to result in completely degraded RNA that
can no longer be detected by the RDA.
With increased dose of a particular stressor (EPI, EPEG, CBN, TAX, medium dilution),
RNA concentration appeared to decrease (Figure 3c), even with conditions that revealed minimal
RNA disruption (Figure 3b). This suggests that the treatment may still have had an effect on cell
replication (and possibly cell viability) independent of RNA disruption.
Three independent experimental replicates were then performed at the previously
established optimal drug doses for inducing RNA disruption. Statistically significant differences
were assessed using a one-tailed paired T-test. Low rRNA degradation was observed for most
drugs and stressors at their optimal doses (200 µM CBN, 2 µM TAX, 2 µM DXL, 50 nM VIN,
17 µM CIS, 40 µM IRN), as indicated by strong 28S and 18S signals and low inter-region
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abnormal banding (Figure 4a). More pronounced rRNA degradation was observed in cells
treated with 1 µM EPI, 100 µM EPEG, and 10% medium conditions, where 28S and 18S signals
decreased and abnormal banding increased. For 10 µM EPI and 5% medium conditions, rRNA
degradation was very prominent with little to no observable 28S and 18S bands, and strong
abnormal rRNA bands.
There were no statistically significant increases in RDI for EPEG, CBN, TAX, VIN, CIS,
IRN, and 10% medium conditions relative to the untreated control (Figure 4b). Although EPEG
sometimes appeared to have some observable rRNA degradation bands on virtual gel images
(Figure 4a), RDI values were too variable to be considered significantly greater than the
untreated control (Figure 4b). However, the reproducible reduction in 28S and 18S bands
accompanied by the formation of intermediate bands on the virtual gel suggest positive RNA
disruption for EPEG. Similarly, reproducible formation of intermediate bands on virtual gels and
reproducible changes in RDI values for TAX and VIN relative to the untreated control (3.5- and
6.0-fold increases, respectively), suggest positive RNA disruption despite lack of statistical
significance. Both EPI doses demonstrated a significant increase in RDI, with 10 µM EPI
resulting in a larger RDI value (219.8-fold increase) than 1 µM EPI (12.8-fold increase) relative
to no treatment (Figure 4b). Although DXL revealed minimal abnormal rRNA banding pattern
on virtual gel images (Figure 4a), DXL demonstrated a significant increase in RDI (Figure 4b),
likely due to very reproducible RDI values across replicates. The 5% medium treatment also
revealed high RNA disruption (high RDI) (Figure 4b), but the statistical significance of these
findings were not assessed due to obtaining an RDI value of “N/A” for one of the three
experimental replicates. Within the RDA, “N/A” values typically occur when minimal RNA is
recovered, suggesting cellular destruction and complete loss of cell viability. The presence of

52

“N/A” values may also result in large variability between RDI values across replicates for a
particular treatment, not only due to the inclusion of fewer data points, but also due to inherent
variability when assessing treatments that generate high RDI values. Thus, although statistical
tests cannot be performed on samples with an RDI values of “N/A”, the substantial loss of RNA
relative to the untreated control prior to the start of drug incubation (such that no discernable 28S
and 18S peaks are visible on electropherograms) suggests that some drugs or stressors can induce
biologically significant increases in RNA disruption relative to the untreated control, as is the
case with the 5% medium dilution (Figure 4b).
Relative to the untreated control, all treatment conditions exhibited a significant reduction
in RNA concentration (Figure 4c), although most treatments did not show a significant increase
in RDI (Figure 4b), consistent with previous experiments examining chemotherapy-induced
RNA disruption in K562 cells (Figure 2 and 3). Again, this suggests that cellular stressors can
affect cell replication or viability, independent of RNA disruption.
In summary, multiple chemotherapy agents and stressors, but not all, were able to induce
RNA disruption in the K562 cells after 72 h. These results are further summarized in Table 4.
Along with the findings in Figure 2, this data further supports the notion that RNA disruption can
be induced in the K562 cell line. Additionally, cellular RNA concentration was reduced in all
treatments, suggesting that the stressors affected K562 cell replication or viability, despite little
to no RNA disruption with certain treatments. However, it remains possible that additional
independent experiments with more experimental replicates may provide a large enough sample
size to conclude that some of the above drugs or stressors (negative for RNA disruption) may
induce a small but statistically significant increase in RNA disruption. This appears evident in
Figure 2 and in Figure 4.
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Figure 3. RNA analysis of K562 cells following treatment with various chemotherapy agents for
72 h. Total RNA was isolated from cells following drug exposure, and RNA quality was
assessed by capillary electrophoresis using the Bioanalyzer. RNA concentrations were measured
using the Nanodrop. A – Virtual gel image of RNA. Image is representative of one independent
replicate. B – RDI values corresponding with samples in A. C – RNA concentrations
corresponding with samples in A. Abbreviations: NT-no treatment, EPI-epirubicin, EPEGetoposide, CBN-carboplatin, TAX-paclitaxel, DXL-docetaxel, VIN-vincristine, CIS-cisplatin,
IRN-irinotecan
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Figure 4. RNA analysis of K562 cells following treatment with various chemotherapy agents for
72 h. Total RNA was isolated from cells following drug exposure, and RNA quality was
assessed by capillary electrophoresis using the Bioanalyzer. RNA concentrations were measured
using the Nanodrop. A – Virtual gel image of RNA. Image is representative of three independent
replicates. B – RDI values corresponding with samples in A. C – RNA concentrations
corresponding with samples in A. Statistically significant differences were analyzed by a onetailed paired T-test. Hashtag (#) denotes that one of three RDI values was N/A. Asterisk (*)
denotes a significant difference between treatment and NT control (p<0.05). Abbreviations: NTno treatment, EPI-epirubicin, EPEG-etoposide, CBN-carboplatin, TAX-paclitaxel, DXLdocetaxel, VIN-vincristine, CIS-cisplatin, IRN-irinotecan
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Table 4. Summary of RNA analysis of K562 cells following treatment with various chemotherapy agents for 72 h (n=3).

Treatment

EPI
EPEG
CBN
TAX
DXL
VIN
CIS
IRN
Medium
dilution

Dose

1 µM
10 µM
100 µM
200 µM
2 µM
2 µM
50 nM
17 µM
40 µM
10%
5%

Extent of
visually
observed
rRNA
degradation
++
+++
++
+
+
++
+++

Mean
RDI
value

Fold change
in RDI
relative to
control

P-value for
statistical
significance of
change in RDI

Mean
[RNA]
(ng/µL)

1.7
29.3
1.6
0.2
0.4
0.3
0.8
0.2
0.2
1.8
165.0*

+12.8
+219.8
+12.0
+1.5
+3.5
+2.0
+6.0
+1.3
+1.8
+13.5
+1237.1*

0.069
0.025
0.065
0.092
0.074
0.029
0.065
0.211
0.128
0.066
N/A*

46
24
28
327
89
108
86
437
144
48
28

Fold
change in
[RNA]
relative to
control
-29.0
-55.9
-48.2
-4.1
-15.1
-12.4
-15.5
-3.1
-9.3
-27.8
-48.8

P-value for
statistical
significance of
change in [RNA]
0.022
0.021
0.021
0.036
0.021
0.023
0.022
0.036
0.012
0.021
0.021

Note: Asterisk (*) denotes that one of three RDI values was N/A (N/A = too little RNA recovered for RDI analysis). Abbreviations:
EPI-epirubicin, EPEG-etoposide, CBN-carboplatin, TAX-paclitaxel, DXL-docetaxel, VIN-vincristine, CIS-cisplatin, IRN-irinotecan
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3.2. Purity assessment of enriched NK cell population via flow cytometry
In order to assess whether immune cells could also induce RNA disruption, freshly
isolated human NK immune cells were used to target K562 tumour cells, which are highly
sensitive to NK cell-mediated cytotoxicity161. Because primary NK cells were isolated from a
fresh PBMC population, flow cytometry was used to confirm that the selected technique for
isolation of NK cells from the population resulted in substantial enrichment for NK cells. Flow
cytometry tests compared the initial PBMC population to the enriched NK population that
resulted from negative selection by the EasySep™ Human NK Cell Isolation Kit. Ideally, this
assessment would have been performed for each donor, but due to COVID-19 restrictions during
the completion of this thesis, only data from 1 donor (donor 5) is presented.
Three cell surface markers were used to identify NK cells: CD45, CD56, and CD3. CD45
is a pan-leukocyte marker157 that would be present on the surface of all PBMCs. CD56 identifies
NK cells and a subset of T cells termed NK-like T (NKT) cells162. CD3 is present only on T
cells. Thus, the NK cell population would be identified as CD45+, CD56+, and CD3-.
When examining the PBMC population from donor 5, histogram data revealed a large
proportion of CD3+ cells and a much smaller proportion of CD3- cells (Figure 5a). This was
expected, as T cells make up approximately 45-70% of the PBMC population163. Very few
PBMCs were CD56+, while the vast majority of cells were CD56- (Figure 5b). This was also
expected, as NK cells make up approximately 10% of the PBMC population164. As anticipated,
essentially all detected cells were CD45+ (Figure 5c). Overall, after gating for CD45+ cells,
6.8% of PBMCs were detected as CD56+CD3- NK cells (Figure 5d), which lies within the
expected range of the NK cell percentage of the PBMC population (5-20%)154.
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When examining the enriched NK cell population, almost all cells were CD3- (Figure
6a), indicating that the vast majority of CD3+ T cells were effectively removed. CD56+ cells
largely predominated over CD56- cells within the enriched NK cell population (Figure 6b).
Again, as expected, all cells within the enriched NK cell population were CD45+ (Figure 6c).
With gating for CD45+ cells, CD56+CD3- NK cells made up 90.3% of donor 5’s enriched NK
cell population (Figure 6d), a substantial increase from 6.8% CD56+CD3- cells detected in the
initial PBMC population (Figure 5d). Typically, an effectively enriched primary cell population
is one where the cell of interest becomes ≥ 80% of the population155,156; thus, it was confirmed
that the selected technique was suitable and performed correctly.
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Figure 5. Flow cytometry analysis of donor 5 PBMC population. PBMCs were isolated from
fresh human blood using SepMate™. A – Histogram of CD3 detection intensity. B – Histogram
of CD56 detection intensity. C – Histogram of CD45 detection intensity. D – Dot-plot of CD3
and CD56 fluorescence events gated for CD45+. A total of 20 000 events per sample were
measured. Data represents one independent replicate.
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Figure 6. Flow cytometry data of donor 5 enriched NK cell population. Fresh NK cells were
isolated from PBMC population using EasySep™ Human NK Cell Isolation Kit. A – Histogram
of CD3 detection intensity. B – Histogram of CD56 detection intensity. C – Histogram of CD45
detection intensity. D – Dot-plot of CD3 and CD56 fluorescence events gated for CD45+. A total
of 20 000 events per sample were measured. Data represents one independent replicate.

60

3.3. Development of protocol for quantification/monitoring of immune cell-mediated
destruction of tumour cells with RDA
With evidence that RNA disruption can be induced in K562 cells by chemotherapy
agents and cellular stressors, we then devised a protocol to use the RDA to quantify/monitor NK
cell-mediated destruction of K562 tumour cells. Incubation times and E:T ratios of NK cells to
K562 were selected based on the previous literature143,144,145, as well as an initial limitation of the
amount of fresh donor blood available. Optimal exposure time and E:T ratios would result in an
observable progression from minimal rRNA degradation to abundant rRNA degradation as both
time and/or the E:T ratio increased. Initially, lower E:T ratios of 0.25:1, 0.5:1, 1:1, and 2:1 NK
cells to K562 cells were attempted, as well as a shorter incubation time of 2 h. An example is
shown in Figure 7, where these conditions did not appear to yield a strong, observable trend
toward increased rRNA degradation with higher E:T ratios. Later attempts suggested that E:T
ratios of 0.5:1, 1:1, 2:1, and 4:1 along with a 4 h incubation period were more optimal (Section
3.4.). All experiments included two K562 controls for both the 0 h and 4 h time points. The K562
only control consisted of unmanipulated K562 cells, while K562 CD56+ controls involved
submitting K562 cells to CD56+ magnetic beads in the absence of NK cells to account for
influence of the beads on K562 RNA yield and integrity.
During optimization, concern arose that residual NK cells not removed by CD56+
positive selection may be causing inflation of RDI values for K562 RNA, particularly if the RNA
from these remaining NK cells exhibited significant RNA disruption. In Figure 8, NK cell RNA
from the same number of NK cells used in each E:T ratio underwent capillary gel electrophoresis
using the Bioanalyzer. This would provide insight into the amount and integrity of RNA coming
from NK cells. For example, RNA from 50 000 NK cells alone were analyzed to reflect the
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number of NK cells used in the 0.5:1 E:T ratio treatment of K562 cells. When purely NK cell
RNA was examined without prior NK removal by CD56+ selection, gel images revealed patterns
that mimicked highly disrupted rRNA with absent 28S and 18S bands and abnormal rRNA
signals that became increasingly pronounced as larger numbers of NK cells were analyzed [up to
400 000 NK cells to reflect 4:1 E:T (Figure 8)]. Furthermore, to ensure that NK cells were
removed effectively and that predominantly K562 cell RNA was analyzed, an additional control
was included in experiments that applied CD56+ selection to the highest number of NK cells
used in experiments (in the absence of K562 cells). This control was included in all future
NK/K562 RNA disruption experiments. Ideally, NK cells would be removed effectively enough
that electropherograms would reveal minimal rRNA bands for these control conditions, as
observed in the 1:1 NK only treatment in Figure 7.
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Figure 7. Virtual gel image of K562 cell RNA from K562 cells treated with NK cells at various
E:T ratios for 2 h (with removal of NK cells prior to RNA isolation). Total RNA was isolated
from K562 cells following 2 h incubation with primary NK cells and subsequent removal of NK
cells using the EasySep™ Human CD56 Positive Selection Kit II. Image was generated by
capillary electrophoresis using the Agilent 2100 Bioanalyzer. Image represents one independent
replicate plated in duplicate.
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Figure 8. Virtual gel image of donor 3 NK cell RNA. Total RNA from 50 000, 100 000, 200
000, and 400 000 primary NK cells was isolated following a 4 h incubation at 37oC. Primary NK
cells were isolated from fresh PBMCs using the EasySep™ Human NK Cell Isolation Kit. Image
was generated by capillary electrophoresis using the Agilent 2100 Bioanalyzer. Image represents
one independent replicate plated in triplicate.
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3.4. RNA analysis of K562 cell line treated with primary NK cells for 4 h
RNA from K562 tumour cells was analyzed following treatment with isolated primary
human NK cells, using optimized conditions of a 4 h incubation time and 0.5:1, 1:1, 2:1, and 4:1
E:T ratios, plated in duplicate. For these studies, four independent replicate experiments were
performed, each with NK cells from a separate healthy human volunteer (Figure 9). Statistically
significant differences were analyzed by a one-tailed paired T-test.
The 0 h K562 controls generally demonstrated greater abnormal rRNA degradation
banding patterns and higher RDI values than 4 h K562 controls (Figure 9a and b). The abnormal
rRNA pattern at 0 h was likely due to endogenous rRNA degradation stemming from the stress
of processing cells prior to incubation. Additionally, at both 0 h and 4 h, K562 controls that were
submitted to the EasySep™ Human CD56 Positive Selection Kit II procedure (K562 CD56+)
exhibited slightly lower molecular weight rRNA degradation products within the inter-region
(between the 28S and 18S rRNAs) than un-manipulated K562 cells (K562 only), although both
controls had similar RDI values (Figure 9a and b). This indicated that the NK cell removal
procedure had a slight but noticeable effect on the K562 RNA banding pattern. The NK cell
removal procedure also likely resulted in the loss of K562 cells, as revealed by lower RNA
concentrations for K562 CD56+ controls relative to K562 only controls at both 0 h and 4 h
(Figure 9c). Loss of cells is expected with lengthy procedures involving exposure of cells to
magnetic beads and transferring them to multiple different tubes. Finally, greater RNA
concentrations were found at 4 h relative to the 0 h time point of the respective K562 control,
likely due to growth of cells during the incubation period.
As described in section 3.2, all NK cell only controls were submitted to CD56+ selection
for NK cell removal. In all 4 h NK cell only controls that reflected the amount of NK cells used
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in the respective E:T ratio conditions (0.5:1 NK only, 1:1 NK only, 2:1 NK only, 4:1 NK only),
there was minimal presence of observable rRNA signals (Figure 9a). RDI values for all NK only
controls were “N/A” due to too little RNA recovered for RDA analysis and the absence of clear
28S and 18S rRNA peaks (Figure 9b). Consistent with this view, RNA concentrations for all NK
only controls were under 10 ng/µL (Figure 9c). These findings suggest that NK cells were
effectively removed from the mixture of K562 and NK cells, and that NK cells did not contribute
substantially to the K562 cell RNA electropherogram banding pattern nor did they significantly
impact on K562 RDI values.
Since all E:T treatments underwent 4 h incubations and were submitted to CD56+
selection, the 4 h K562 only CD56+ control was compared to NK cell-treated K562 cells in order
to assess the statistical significance of differences in RNA electropherogram banding patterns,
RNA concentrations, and RDI values between NK cell-treated and untreated K562 cells. For all
four donors, there existed a trend where there was a progressive increase in abnormal rRNA
fragments and a decrease in the size of the 28S and 18S rRNA bands with increased ratio of NK
cells to K562 cells (Figure 9a). Although the rRNA degradation pattern followed the same trend
across donors, the extent of the trend was variable, as is often seen in blood cell specimens from
human donors. At the lowest (0.5:1 NK:K562) E:T ratio, donors 3 and 6 demonstrated rRNA
degradation patterns similar to the 4 h K562 CD56+ control, while donors 4 and 5 had greater
amounts of abnormal rRNA degradation bands in the inter-region. At the highest (4:1 NK:K562)
E:T ratio, while all donors demonstrated prominent abnormal rRNA degradation bands in the
inter-region, donors 3 and 6 still showed weak but clear 28S and 18S bands, while donors 4 and
5 no longer showed observable 28S and 18S bands. Thus, while the NK cells of all donors
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induced rRNA degradation of K562 cells to varying extents, NK cells from donors 4 and 5
demonstrated a stronger effect than those from donors 3 and 6.
A cell number-dependent increase in RDI values was also observed with increasing
NK:K562 ratios (Figure 9b). The 0.5:1 NK:K562 treatment did not reveal a significant increase
in RDI relative to the 4 h K562 CD56+ control. Statistically, only the 1:1 NK:K562 ratio showed
a significant 2.8-fold increase in RDI relative to the 4 h K562 CD56+ control. Although the 2:1
NK:K562 treatment demonstrated a larger RDI value (17.7-fold increase) than the 1:1 NK:K562
condition, the difference in RDI values was not statistically significant due to the substantial
variation in the amount of NK cell-induced RNA disruption. The 4:1 NK:K562 condition also
did not induce a statistically significant change in the RDI relative to the 4 h K562 CD56+
control, even though it generated the largest RDI increase (73.7-fold). One data point for the 4:1
NK:K562 treatment condition was excluded from the statistical analysis, because the sample
generated an “N/A” value, as insufficient RNA was recovered to generate an RDI value. The
lack of statistically significant increase in RDI for the 2:1 and 4:1 NK:K562 ratios was due to the
large error bars resulting from the inherent variability not only between NK cell efficacy of
different human donors, but also from the variability that occurs when assessing treatments that
generate high RDI values, similar to Figure 4 experiments. Although not statistically significant,
the reproducibly observed changes in virtual gel banding patterns, the consistently prominent
increase in RDI, and the accompanying “N/A” values due to extensive degradation of rRNA
indicated a biologically relevant increase in RNA disruption for the 2:1 and 4:1 E:T conditions.
Figure 9c demonstrates a cell number-dependent decrease in RNA concentration relative
to the 4 h K562 CD56+ control with increased NK:K562 ratio. The 0.5:1 NK:K562 condition
revealed a non-significant decrease in RNA concentration. Both the 1:1 and 2:1 NK:K562
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treatments revealed significant -1.9-fold and -2.6-fold decreases in RNA concentration relative to
the control with p-values in both instances of <0.05. The 4:1 NK:K562 treatment revealed the
greatest (-2.9-fold) statistically significant decrease in RNA concentration with a p-value<0.01.
In summary, primary human NK cells were able to induce RNA disruption in K562 cells
in a cell number-dependent manner. Abnormal rRNA degradation patterns and RDI values
increased in a cell number-dependent manner, while RNA concentrations decreased in a cell
number-dependent manner with increased NK:K562 ratios. These findings are further
summarized in Table 5.
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Figure 9. RNA analysis of K562 cells treated with 0.5:1, 1:1, 2:1, and 4:1 ratios of NK cells to
K562 cells for 4 h. Total RNA was isolated from K562 cells following 4 h incubation with
primary NK cells and removal of NK cells using the EasySep™ Human CD56 Positive Selection
Kit II. A – Virtual gel images of K562 cell RNA from (I) Donor 3, (II) Donor 4, (III) Donor 5,
(IV) Donor 6 plated in duplicate. B – RDI values corresponding with samples in A. C – RNA
concentrations corresponding with samples in A. Hashtag denotes that one of four RDI values
was N/A (N/A = too little RNA recovered). Statistically significant differences were analyzed by
a one-tailed paired T-test. Arrow denotes 4 h K562 CD56+ control used for statistical
comparison. Asterisks denote a significant difference between treatment and 4 h K562 CD56+
control (* = p<0.05; ** = p<0.01).
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Table 5. Summary of RNA analysis of K562 cells treated with 0.5:1, 1:1, 2:1, and 4:1 ratios of NK cells to K562 cells for 4 h (n=4).

Treatment
(NK:K562
ratio)

Extent of
visually observed
rRNA
degradation

Mean
RDI
value

Fold change in
RDI relative
to 4 h K562
CD56+ control

P-value for
statistical
significance of
change in RDI

Mean
[RNA]
(ng/µL)

Fold change in
[RNA] relative
to 4 h K562
CD56+ control

P-value for
statistical
significance of
change in [RNA]

0.5:1

+

2.4

+2.1

0.155

41

-1.1

0.249

1:1

++

3.3

+2.8

0.007

24

-1.9

0.041

2:1

++

20.4

+17.7

0.131

18

-2.6

0.010

4:1

+++

84.7*

+73.7*

0.156*

16

-2.9

0.003

Note: Asterisk (*) denotes that one of four RDI values was N/A (N/A = too little RNA recovered for RDI analysis).
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3.5. Loss of membrane integrity of K562 cell line treated with primary NK cells for 4 h
To assess whether NK cell-mediated RNA disruption of K562 cells was associated with
K562 cell death, loss of K562 cell membrane integrity was used as a surrogate of cell death
measured by the Incucyte® S3 Live Cell Analysis System. As the plasma membrane is
responsible for protecting the cell from its surroundings and transporting essential substances
in/out of the cell, its destruction often precedes cell death165. Thus, loss of membrane integrity is
commonly used as a marker of cell death166,167.
The Incucyte® CytoLight Rapid Red Reagent is a red dye that was used to label live
K562 cells. Incucyte® Cytotox Green Reagent is a green dye that enters cells and binds to their
DNA once cells become unhealthy and plasma membrane integrity diminishes. Incucyte®
Cytotox Green Reagent labeled both K562 and NK cells, but due to the significantly smaller size
of NK cells relative to K562 cells (as seen in Figure 10), green signals that arose from NK cells
experiencing loss of membrane integrity were filtered out by size using the Incucyte analysis
software. This allowed for the analysis of only the loss of K562 cell membrane integrity.
Figure 10 consists of representative images from a representative experiment measuring
NK cell-mediated loss of membrane integrity of K562 cells. K562 cells are the larger, redstained cells. NK cells are identified as the smaller, unstained cell population. The green colour
identifies cells with lost membrane integrity. The K562 only control and all NK cell only
controls demonstrated a minimal increase in observable green cells from 0 h to 4 h. This
suggested that an observable increase in the number of green cells over 4 h was from a NK cellmediated effect on K562 cells rather than other causes of cell death. At 0.5:1 and 1:1 NK:K562
ratios, there did not appear to be an observable increase in green cells at 4 h compared to 0 h of
the same image field. At the 2:1 NK:K562 ratio, there appeared to be a slight increase in the

72

number of green cells at 4 h relative to 0 h. At the 4:1 NK:K562 ratio, there is a clear, observable
increase in the number of green cells at 4 h compared to 0 h of the same image field. Thus,
across increasing K562:NK cell E:T ratios, there was an observable trend of increasing loss of
K562 membrane integrity relative to untreated cells (Figure 10).
Figure 11 consists of data from four independent biological replicates plated in duplicate,
each with NK cells from a separate healthy human volunteer (donors 3, 4, 5, and 6). A two-tailed
paired T-test was used for statistical comparison between 4 h and 0 h of the same treatment in A.
All other statistical analyses were performed by a one-tailed paired T-test, including differences
between treatments and 4 h K562 only control in A. For untreated K562 cells, the red cell count
increased significantly (1.2-fold) from 0 h to 4 h due to natural proliferation of cells (Figure 11a).
There was no significant difference between red cell count at 4 h relative to 0 h for all NK:K562
ratios (0.5:1, 1:1, 2:1, and 4:1 NK:K562), suggesting that K562 cell growth was inhibited by NK
cells. In the case of experiments examining NK cell-mediated loss of K562 cell membrane
integrity, the untreated 4 h K562 cells served as the control for assessment of statistically
significant differences between NK cells-treated and untreated K562 cells. The 0.5:1, 1:1, and
2:1 E:T conditions showed a significant decrease in the number of red cells compared to the 4 h
K562 only control, while the 4:1 E:T revealed no statistically significant difference from the
control. Although a decrease in K562 cell count may indicate that K562 cells are dying in
presence of NK cells, it is also likely that these results do not hold much significance, as
supported by the absence of significant change in red cell count at 4 h relative to 0 h for all E:T
ratios. This is because K562 cells grow in suspension, and the Incucyte does not image the entire
well, so raw cell counts may be variable depending on where cells settle on the plate. Thus, the
change in red cell count at 4 h relative to 0 h of the same image field (Figure 11b) is likely a
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more accurate measure of the true change in K562 cell counts. In Figure 10, when comparing 4 h
and 0 h images from the same image field, it can be seen that cells change position minimally
once settled. It is also important to note that red cell counts were 0 for all NK only controls,
indicating that CytoLight Rapid Red dye correctly stained only K562 cells (Figure 11a).
The change in red cell count at 4 h relative to 0 h of the same image field revealed no
significant difference for all NK:K562 ratios relative to the K562 only control except for the 1:1
and 2:1 NK:K562 ratios, where there was a decrease in red cell count (Figure 11b). Overall, this
suggests that NK cells inhibited growth but did not induce destruction of K562 cells. A possible
explanation for this could be that the red dye does not readily exit K562 cells, even when
membrane integrity is lost. It is also possible that at 4 h, K562 cells were in early stages of cell
death, where loss of membrane integrity allowed entry of Cytotox Green dye, but K562 cells
were not yet completely destroyed, preserving CytoLight Rapid Red signals. Thus, a longer
incubation may be required to induce complete K562 cell destruction.
Relative to the 4 h K562 only control, the number of green cells increased significantly in
a NK cell number-dependent manner across all NK:K562 ratios (Figure 11c). Relative to 0 h, the
number of green cells were also significantly greater at 4 h for all treatments and controls. For
the same reasons as described in the previous paragraph, the change in green cell count at 4 h
relative to 0 h of the same image field (Figure 11d) is likely a more accurate measure of the
change in K562 cell counts than raw green cell counts (Figure 11c). More importantly, once the
software parameters were modified to exclude counting of green NK cells, NK only controls
revealed minimal green cell counts relative to a combination of NK and K562 cells (Figure 11c).
This confirms that the NK cell contribution to green cell counts was effectively filtered out, and
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that green cell counts in NK cell/K562 cell mixtures stemmed from membrane integrity loss in
K562 cells.
The change in green cell count at 4 h relative to 0 h of the same image field increased in
an NK cell-dependent manner (Figure 11d). While all NK:K562 ratios demonstrated significant
increases in the change in green cell count at 4 h relative to 0 h of the same image field in
comparison to the K562 only control, the 1:1, 2:1, and 4:1 NK:K562 ratios revealed greater
significances (p<0.01) than the 0.5:1 NK:K562 ratio (p<0.05). The change in green cell counts at
4 h relative to 0 h of the same image field in comparison to the K562 only control were 1.5-, 2.0, 2.5-, and 3.2-fold for the 0.5:1, 1:1, 2:1, and 4:1 NK:K562 ratios, respectively. This data
suggests that there was an NK cell-mediated, NK cell number-dependent increase in of the
number of K562 cells with lost membrane integrity.
The ratio of green cells to red cells was calculated to create another measure of lost cell
membrane integrity. The red cell count was selected as the denominator, as it was revealed that
the amount of red-stained K562 cells did not significantly change across treatments (Figure 11b).
Thus, this measure reflected the ratio of K562 cells exhibiting loss of membrane integrity out of
the total K562 cell count. There was no significant difference in the ratio of green cells to red
cells between the 4 h K562 only and 0 h K562 only control (Figure 11e). This suggests that loss
of membrane integrity of K562 cells observed in NK/K562 mixtures was indeed NK cellmediated. The ratio of green cells to red cells was significantly greater for all NK/K562 mixtures
than the 4 h K562 only control (at all NK:K562 ratios). The 4:1 NK:K562 condition had the
greatest significant increase in the green cell to red cell ratio (p<0.001), followed by the 2:1
NK:K562 treatment (p<0.01), and finally the 1:1 and 0.5:1 NK:K562 conditions (p<0.05). The
change in the ratios were 8.1-, 4.7-, 3.1-, and 2.1-fold, respectively. Overall, there was a NK cell
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number -dependent increase in ratio of green cells to red cells. This suggested that the ratio of
K562 cells exhibiting NK cell-mediated loss of membrane integrity increased with increasing
NK cell number. In summary, NK cells appear to induce the loss of K562 cell membrane
integrity in 4 hours in a cell number-dependent manner. However, since K562 cell counts did not
decrease with increased E:T ratios, it is possible that the 4 h incubation is insufficient to induce
NK cell-mediated cell destruction (despite loss of cell viability).
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Figure 10. Incucyte images of K562 cells treated with 0.5:1, 1:1, 2:1, and 4:1 ratios of NK cells
to K562 cells at 0 h and 4 h. Live K562 cells (red) were labelled with CytoLight Rapid Red.
K562 cells and NK cells exhibiting loss of membrane integrity (green) were labelled with
Cytotox Green. Images were taken at 10x magnification. Images are representative of four
independently conducted replicates.
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Figure 11. Loss of membrane integrity of K562 cells by NK cells. K562 cells were treated with
0.5:1, 1:1, 2:1, and 4:1 ratios of NK cells to K562 cells for 4 h. Live K562 cells (red) were
labelled with CytoLight Rapid Red. K562 cells exhibiting loss of membrane integrity (green)
were labelled with Cytotox Green. A – Red cell count. B – Change in red cell count at 4 h
relative to 0 h. C – Green cell count. D – Change in green cell count at 4 h relative to 0 h. E –
Ratio of green cells to red cells. Data represents four independent replicates of NK cells from
donors 3, 4, 5, 6 plated in duplicate. A two-tailed paired T-test was used for statistical
comparison between 4 h and 0 h of the same treatment in A. All other statistical analyses were

80

performed by a one-tailed paired T-test. Arrow denotes K562 only control used for statistical
comparison to treatments. Asterisks denote a significant difference between NK:K562 treatment
and K562 only control (* = p<0.05; ** = p<0.01, ***=p<0.001). Hashtags in Figure A and C
denote a significant difference between 4 h and 0 h of the same treatment (# = p<0.05; ## =
p<0.01).
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3.6. RNA analysis of K562 cell line treated with IL-2 pre-activated primary NK cells for 4 h
As it was determined that K562 cells can exhibit NK cell-mediated RNA disruption, it
was investigated whether pre-activation of NK cells with IL-2 could enhance their ability to
induce RNA disruption in K562 cells. IL-2 is a cytokine known to increase NK cell-mediated
tumour cytotoxicity25,32. IL-2 doses of 100 IU/mL and 1000 IU/mL and the overnight incubation
period were selected based on previous literature149,158,159. As previously shown in Figure 9 high
RNA disruption (RDI values) were already generated in K562 cells at the NK:K562 ratio of 4:1.
Thus, only 0.5:1, 1:1, and 2:1 NK:K562 treatments were included using the conditions of
previous experiments. Three separate volunteer donors were used for the three replicate
experiments. Statistically significant differences were analyzed by a one-tailed paired T-test.
Similar to Figure 9, 0 h K562 controls generally demonstrated greater abnormal rRNA
degradation banding patterns and higher RDI values than 4 h K562 controls (Figure 12a and b).
Again, the abnormal rRNA pattern at 0 h was likely due to the stress K562 cells during
processing prior to incubation. At both 0 h and 4 h, K562 CD56+ controls exhibited slightly
lower amounts of rRNA degradation products in the inter-region than K562 only controls,
despite their similar RDI values. Again, this revealed that the NK cell removal procedure had a
slight effect on the K562 RNA banding pattern. Once again, the NK cell removal procedure also
resulted in the loss of cells, as revealed by lower RNA concentrations for K562 CD56+ controls
relative to K562 only controls at both 0 h and 4 h (Figure 12c). Finally, greater RNA
concentrations were found at 4 h relative to the 0 h time point for the K562 only control cells,
likely due to cellular growth during the incubation period.
In contrast to previous experiments where NK cell only controls reflected the amount of
NK cells used in each NK:K562 ratio, only NK cell controls for the largest E:T ratio (2:1
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NK:K562) were included. It was argued that if the largest number of NK cells used to treat K562
cells was effectively removed during CD56+ selection, then the lower amounts of NK cells in the
lower ratios would also be effectively removed. Three 2:1 NK cell only controls were included
for each of the three IL-2 doses (2:1 NK only no IL-2, 2:1 NK only 100 IU/mL, and 2:1 NK only
1000 IU/mL). With all NK cell only controls for all three donors, only very faint RNA bands
were observed (Figure 12a). RDI values for all NK only controls were “N/A”, due to the
insufficient RNA recovered for RDA analysis (Figure 12b). Consistent with this view, RNA
concentrations for all NK only controls were <10 ng/µL (Figure 12c). Overall, these controls
revealed that NK cells were effectively removed from the mixture of K562 and NK cells, and
there was little contribution of NK cell RNA to electropherograms of RNA isolated from K562
cell/NK cell mixtures.
Virtual gel images revealed a trend where increasing IL-2 concentration resulted in an
increase in abnormal rRNA bands at all E:T ratios for all donors (Figure 12a). Using donor 5 as
an example, while the 28S and 18S bands are visible at all E:T ratios in the absence of IL-2
(although less prominently with increasing E:T ratios), the addition of 100 IU/mL and 1000
IU/mL IL-2 resulted in greatly reduced 28S and 18S signals compared to the NK:K562 no IL-2
control. For example, while donor 5’s 2:1 NK:K562 treatment in absence of IL-2 revealed faint
but observable normal 28S and 18S rRNA bands, the addition of 100 IU/mL and 1000 IU/mL
IL-2 eliminated the presence of any normal rRNA bands at the 2:1 NK:K562 ratio.
The significance of differences in RDI values between treated and K562 only CD56+
control cells was assessed using a one-tailed paired T-test. The significance of differences in
mean K562 cell RDI values when incubated with IL-2 treated NK cells compared to untreated
cells was also assessed. For all 0.5:1 NK:K562 samples, there was no significant increase in RDI
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relative to the 4 h K562 CD56+ control, nor was there a significant increase in RDI when the NK
cells were treated with 100 IU/mL or 1000 IU/mL IL-2 compared to the untreated control
(Figure 12b). For the 1:1 NK:K562 ratio, while IL-2-free samples revealed a significantly greater
RDI (3.7-fold) than the 4 h K562 CD56+ sample, the statistical significance of IL-2 treatment on
RDI values could not be assessed due to the assignment of an “N/A” RDI value for one of three
samples. This also meant that the significance of differences in RDI values between IL-2-treated
samples relative to IL-2-untreated samples could not be computed for the 1:1 NK:K562 and 2:1
NK:K562 ratios. Although the 2:1 NK:K562 IL-2-free treatment had a significantly greater RDI
(26.0-fold) than the 4 h K562 CD56+ control, 100 IU/mL IL-2 treatment resulted in two “N/A”
RDI values for K562 cells, while 1000 IU/mL treatment resulted in three “N/A” RDI values.
Nevertheless, these findings indicate that IL-2 augments the ability of NK cells to induce RNA
disruption in K562 cells. With increasing IL-2 concentration, there is an increasing number of
“N/A” values (suggesting minimally recovered RNA). Additionally, there is a reproducible
reduction in 28S and 18S bands accompanied by the formation of intermediate bands as the dose
of IL-2 is increased. Thus, although not statistically computable, these findings suggest that the
ability of IL-2 to augment NK cell-mediated RNA disruption is biologically significant.
All NK:K562 ratios demonstrated significantly reduced RNA concentrations relative to
the 4 h K562 CD56+ control, regardless of IL-2 dose (Figure 12c). Although Figure 9c did not
demonstrate a significantly reduced RNA concentration at the 0.5:1 NK:K562 ratio relative to
the 4 h K562 CD56+ control, this can be explained by differences in human donors. At both
0.5:1 and 1:1 NK:K562 ratios, 100 IU/mL and 1000 IU/mL IL-2 revealed significantly reduced
RNA concentrations relative to their respective no-IL-2 control. At the 0.5:1 NK:K562 ratio, the
RNA concentrations for 100 IU/mL and 1000 IU/mL were both reduced by -1.8-fold. At the 1:1
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NK:K562 ratio, the RNA concentration for 100 IU/mL and 1000 IU/mL were reduced by -3.0and -2.3-fold, respectively. There was no significant decrease in RNA concentration at the 2:1
NK:K562 ratio with IL-2 treatment relative to the IL-2-free condition, but this was likely due to
the RNA concentrations being too low to be further reduced by IL-2 treatment. Overall, preactivation of NK cells with IL-2 appears to further enhance NK cell-mediated reduction in K562
RNA concentration.
In summary, these findings suggest that pre-activation of NK cells with IL-2 enhances
NK cell-mediated RNA disruption of K562 cells in a dose-dependent manner. These results are
further summarized in Table 6.
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Figure 12. RNA analysis of K562 cells treated with 0.5:1, 1:1, and 2:1 ratios of IL-2 pre-treated
NK cells to K562 cells for 4 h. NK cells were pre-treated overnight with no IL-2, 100 IU/mL IL2, and 1000 IU/mL IL-2. Total RNA was isolated from K562 cells following 4 h incubation with
IL-2 pre-treated NK cells and removal of NK cells using the EasySep™ Human CD56 Positive
Selection Kit II. A – Virtual gel images of K562 cell RNA from (I) Donor 4, (II) Donor 5, (III)
Donor 6. B – RDI values corresponding with samples in A. C – RNA concentrations
corresponding with samples in A. Hashtags denote number of “N/A” RDI values for each
treatment (N/A = too little RNA recovered; # = one N/A value, ## = two N/A values).
Statistically significant differences were analyzed by a one-tailed paired T-test. Black arrow
denotes 4 h K562 CD56+ control used for statistical comparison. Asterisks denote a significant
difference between treatment and 4 h K562 CD56+ control (* = p<0.05; ** = p<0.01, *** =
p<0.001). Blue arrows denote the no IL-2 control used for statistical comparison to IL-2
treatments for each respective NK:K562 ratio. Carets denote a significant difference between IL2 treatments and no IL-2 controls for each respective NK:K562 ratio (^ = p<0.05).
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Table 6. Summary of RNA analysis of K562 cells treated with 0.5:1, 1:1, and 2:1 ratios of IL-2 pre-treated NK cells to K562 cells for
4 h (n=3).

Treatment
(NK:K562
ratio)

0.5:1
1:1
2:1

IL-2
dose
(IU/mL)

Extent of
visually
observed
rRNA
degradation

Mean
RDI
value

100

+

2.9

Fold change
in RDI
relative to
no IL-2
control at
same E:T
ratio
+1.6

P-value for
statistical
significance of
change in RDI

Mean
[RNA]
(ng/µL)

0.067

18

Fold change
in [RNA]
relative to
no IL-2
control at
same E:T
ratio
-1.8

1000

++

5.6

+3.0

0.080

18

-1.8

0.041

100
1000
100
1000

+++
+++
+++
+++

32.0*
51.7*
246.3**
N/A***

+9.2*
+14.9*
+10.7**
N/A***

N/A*
N/A*
N/A**
N/A***

7
9
9
10

-3.0
-2.3
+1.1
-1.2

0.016
0.027
0.340
0.267

P-value for
statistical
significance of
change in
[RNA]
0.016

Note: Asterisks denote the number of “N/A” RDI values per treatment (N/A = too little RNA recovered; * = one N/A value, ** = two
N/A values, *** = three N/A values).
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3.7. Loss of membrane integrity in the K562 cell line treated with IL-2 pre-activated
primary NK cells for 4 h
To assess whether pre-treatment of NK cells with IL-2 can augment NK cell-mediated
loss of membrane integrity in K562 cells in a dose-dependent manner using the Incucyte® S3
Live Cell Analysis System, primary NK cells were incubated overnight with either no IL-2, 100
IU/mL IL-2, or 1000 IU/mL IL-2. E:T ratios of 0.5:1, 1:1, and 2:1 with a 4 h incubation time
were included in this experiment, consistent with that described in Section 3.6. Three
independent biological replicates were performed, each with NK cells from a separate healthy
human volunteer (donors 4, 5, and 6). A two-tailed paired T-test was used to assess the
significance of differences between red cell counts at 4 h and 0 h of the same treatment in Figure
13a and between IL-2 treatments relative to their respective no IL-2 controls in Figure 13a to e.
A one-tailed paired T-test was used for all other statistical analyses in Figure 13a to e.
The red cell count was slightly higher for 4 h K562 only cells compared to 0 h K562 only
cells, although this increase was not significant due to large error between replicates (Figure
13a). Red cell counts were 0 for all NK only controls, indicating that CytoLight Rapid Red dye
correctly stained only K562 cells. Overall, there were no significant differences in red cell counts
between any of the treatments and the 4 h K562 only control, nor between any treatments at 4 h
compared to itself at 0 h (Figure 13a). Thus, K562 cells were not destroyed in response to NK
cells pre-treated with IL-2, but their growth may have been inhibited. Again, it may be possible
that the red dye does not exit K562 cells upon loss of membrane integrity. It is also possible that
at 4 h, K562 cells were in early stages of cell death, where the loss of membrane integrity
allowed entry of Cytotox Green dye, but K562 cells were yet to be destroyed. Thus, a longer
incubation may be required to induce K562 cell destruction.
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There was a significant decrease in the change in red cell count at 4 h relative to 0 h for
all no IL-2 NK:K562 ratios and both the 1:1 and 2:1 100 IU/mL IL-2 conditions relative to the
K562 only control (Figure 13b). All other 100 IU/mL and 1000 IU/mL IL-2 treated conditions
did not reveal significantly decreased change in red cell count relative to the K562 only control.
A greater significant decrease in live K562 cell counts (red cell counts) without IL-2 could
suggest that the pre-treatment of NK cells with IL-2 is less effective than untreated NK cells in
causing K562 cell destruction, but this would contradict evidence in Figures 13c and e that IL-2
increases loss of plasma membrane integrity. Moreover, identical conditions employed in an
experiment depicted in Figure 11b revealed no significant difference in change in red cell count
at 4 h relative to 0 h for all NK:K562 ratios relative to the K562 only control. Additional
experimentation would need to be conducted to address whether this discrepancy between IL-2’s
effect on total cell number and its effect on cell integrity is valid (or not).
Green cell count at 4 h for all treatments and controls increased significantly relative to
each of their respective 0 h green cell counts (Figure 13c). Green cell count also increased
significantly in a dose-dependent manner across all NK:K562 ratios and all IL-2 doses relative to
the 4 h K562 only control (p<0.05), with the greatest significance and greatest fold-change at the
2:1 1000 IU/mL condition (11.6-fold, p<0.01). Additionally, pre-activation of NK cells with both
100 IU/mL and 1000 IU/mL IL-2 resulted in significantly increased green cell count in a dosedependent manner relative to the respective no IL-2 control with 100 IU/mL IL-2 for the 2:1
NK:K562 ratio (1.4-fold), and with 1000 IU/mL IL-2 for all NK:K562 ratios (2.1-, 1.9-, and 1.4fold for 0.5:1, 1:1, and 2:1 NK:K562, respectively). As described in Section 3.5., the fold-change
in green cell counts at 4 h relative to 0 h for the same image field (Figure 13d) may be more

90

biologically significant than the raw green cell counts. Figure 13c also revealed that NK cells
contributed minimally to green cell counts, when green NK cells were filtered out by size.
There was a significant increase in the change in green cell count at 4 h relative to 0 h
across almost all NK:K562 ratios and all IL-2 doses relative to the 4 h K562 only control (Figure
13d). The only exception was the 0.5:1 NK:K562 no IL-2 treatment, due to large error.
Unexpectedly, at the 2:1 NK:K562 ratio, pre-treatment of NK cells with 1000 IU/mL IL-2
revealed significantly decreased green cell count at 4 h relative to 0 h (-1.6-fold) when compared
to the 2:1 no IL-2 condition. Similar to Figure 13b, this may suggest that the pre-treatment of NK
cells with IL-2 is less effective than no IL-2 in causing loss of membrane integrity of K562 cells,
but again, this would contradict evidence in Figures 13c and e, which revealed an increase in loss
of membrane integrity with IL-2 pre-treatment. Again, multiple replicate experiments will need
to be performed to address whether this discrepancy is reproducibly observed.
As previously seen in Figure 11e, the ratio of green cells to red cells was determined to
reflect the ratio of all K562 cells exhibiting loss of membrane integrity. There was no significant
difference in ratio of green cells to red cells between the 4 h K562 only and 0 h K562 only
controls (Figure 13e). This suggests that loss of membrane integrity of K562 cells observed in
NK:K562 treatment conditions was indeed NK cell-mediated and not the result of simply
incubating the cells for 4 h. The ratio of green cells to red cells was significantly greater for all
NK:K562 ratios relative to the 4 h K562 only control. There was a statistically significant
increase in the ratio of green cells to red cells with the addition of 1000 IU/mL IL-2 relative to
the no IL-2 control at the 1:1 NK:K562 ratio (2.0-fold increase; p<0.05) and with 100 IU/mL IL2 relative to the no IL-2 control at the 2:1 NK:K562 condition (1.3-fold increases for 100 IUmL;
p<0.05). This effect was particularly powerful with the strongest IL-2 dose (1000 IU/mL) at the
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2:1 NK:K562 condition (1.4-fold increase, p<0.01). Overall, there was a dose-dependent increase
in the ratio of green cells to red cells when NK cells at increasing NK:K562 ratios were pretreated with IL-2. This suggests that pre-treatment of NK cells with IL-2 was able to increase the
ratio of K562 cells exhibiting NK cell-mediated loss of membrane integrity in a dose-dependent
manner.
In summary, IL-2 pre-activation of NK cells appeared to induce loss of K562 membrane
integrity in a dose-dependent manner. Since K562 cell counts did not decrease with increased IL2 NK pre-activation dose, it likely that a 4 h incubation is not sufficient to induce cell destruction
during this time frame.
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Figure 13. Loss of membrane integrity of K562 cells treated with 0.5:1, 1:1, and 2:1 ratios of IL2 pre-treated NK cells to K562 cells for 4 h. NK cells were pre-treated overnight with no IL-2,
100 IU/mL IL-2, and 1000 IU/mL IL-2. Live K562 cells were labelled with CytoLight Rapid
Red. K562 cells with loss of membrane integrity were labelled with Cytotox Green. A – Red cell
count. B – Change in red cell count at 4 h relative to 0 h. C – Green cell count. D – Change in
green cell count at 4 h relative to 0 h. E – Ratio of green cells to red cells. Data represents three
independent replicates consisting of NK cells from donors 4, 5, and 6. A two-tailed paired T-test
was used to assess significant differences between red cell counts at 4 h and 0 h of the same
treatment in A and between IL-2 treatments relative to their respective no IL-2 controls in A-E.
All other statistical analyses were performed by a one-tailed paired T-test. Black arrow denotes
K562 only control used for statistical comparison to treatments. Asterisks denote a significant
difference between treatment and K562 only control (* = p<0.05; ** = p<0.01, *** = p<0.001).
Blue arrows denote the no IL-2 control used for statistical comparison to IL-2 treatments for
each respective NK:K562 ratio. Carets denote a significant difference between IL-2 treatments
and no IL-2 controls for each respective NK:K562 ratio (^ = p<0.05; ^^ = p<0.01). Hashtags in
A and C denote a significant difference between 4 h and 0 h of the same treatment (# = p<0.05;
## = p<0.01).
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3.8. Combined effect of DOX and NK cells on K562 cells simultaneously during 4 h
incubation
Previous literature has found that treatment of tumour cells with low doses of
chemotherapy agents, including DOX, can induce tumour cell senescence, thus enhancing NK
cell antitumour activity66,168,169,170. There is also evidence that the combination of chemotherapy
and immunotherapy can be more effective in the clinical treatment of malignant diseases than
either alone68,69. Thus, DOX and NK cells were incubated together with K562 cells to determine
whether chemotherapy agents (DOX) can augment NK cell-mediated RNA disruption and loss of
membrane integrity.
Initially, there was an attempt to incubate the same DOX doses used in Figure 2 (0, 0.1,
1, 10 µM) with previously optimized 0.5:1, 1:1, 2:1, and 4:1 NK:K562 ratios for 4 h. To ensure
that DOX was not affecting NK cells in a manner relevant to their cytotoxicity towards K562
cells, an initial experiment was performed where NK cells on their own were exposed to various
doses of DOX for 4 h. The number of NK cells exposed to DOX reflected the same number used
in each NK:K562 E:T ratio condition (ex: 100 000 NK cells to represent 1:1 NK:K562 ratio).
DOX was subsequently removed to determine whether NK cells would retain the same ability to
induce loss of membrane integrity of K562 cells in DOX-free medium during the 4 h incubation
period. Due to this experiment requiring two 4 h incubations in a single day, performance of an
RDA experiment was not realistic, thus, loss of membrane integrity of K562 cells was measured.
A single replicate of this experiment was performed using donor 6 NK cells.
Figure 14 shows ratio of red cells to green cells to reflect the ratio of total K562 cells
exhibiting loss of membrane integrity following treatment with DOX-pre-treated NK cells.
While K562 cells exhibited a similar loss of membrane integrity at 0.5:1 and 1:1 NK:K562 ratios
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regardless of the dose of DOX used to pre-treat NK cells, loss of membrane integrity decreased
with increasing DOX pre-treatment dose at the 2:1 and 4:1 NK:K562 ratios. This effect was
especially prominent at 10 µM DOX, where ability of NK cells to induce loss of membrane
integrity of K562 cells was essentially halved. These results suggest that DOX reduced the
ability of NK cells to induce loss of membrane integrity of K562 cells in a dose-dependent
manner. Thus, it appeared that targeting of K562 cells with NK cells pre-treated with DOX (at
the prior doses administered) was not ideal (if co-administered).
To further explore this phenomenon, virtual RNA gel electrophoresis images in Figure 15
were generated following a 4 h incubation with DOX, NK cells, and K562 cells simultaneously.
The same DOX concentrations and NK:K562 ratios as depicted in Figure 14 were used, except
for 4:1 NK:K562. Within this experiment, K562 only controls revealed minimal observable
rRNA degradation when treated with 0 µM and 0.1 µM DOX, which increased slightly with 1
µM and 10 µM DOX (Figure 15). As expected, there was an increase in observable rRNA
degradation across increasing NK:K562 ratios. Most importantly, with increasing dose of DOX
across each NK:K562 ratio, there appeared to be no observable increase in rRNA degradation.
This supported the findings in Figure 14, where reduced loss of membrane integrity was
observed with NK cells that were co-administered with increasing doses of DOX. Thus, it is
possible that higher doses of DOX may not only be toxic to K562 cells, but as suggested in both
Figures 14 and 15, they may also hinder the ability of NK cells to exert their cytotoxic function
against K562 cells, potentially due to DOX-induced damage of NK cells. Additionally, it is also
possible that 4 h is not a sufficient incubation period for DOX to induce significant observable
rRNA degradation in K562 cells, as suggested in Section 3.1.1., where more extensive K562
rRNA degradation was observed with 48 h and 72 h DOX incubation periods (Figure 2a).
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Overall, these results suggest that when DOX and NK cells are co-administered to K562
cells, DOX may hinder NK cells’ cytotoxic function towards K562 cells. Additionally, a 4 h
incubation period may not be sufficient for DOX-induced rRNA degradation of K562 cells
during simultaneous treatment with NK cells. The implementation of a longer incubation period
would likely not be a viable option, as a longer exposure time of NK cells to effective doses of
DOX may induce further damage to NK cells. Additionally, increasing incubation times beyond
the optimal 4 h may result in NK cell-induced reductions in K562 RNA concentrations to a level
that is no longer detectable by the RDA at most E:T ratios. This would hinder our ability to
obtain meaningful interpretation of results. Thus, subsequent experiments investigated the
combined effect of DOX and NK cells on K562 cells using K562 cells that were pre-incubated
with DOX for 24 h and 48 h, followed by the standard 4 h incubation of untreated NK cells with
K562 cells at various E:T ratios in DOX-free medium.
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Figure 14. Ratio of green cells to red cells of K562 cells treated with 0.5:1, 1:1, 2:1, and 4:1
ratios of DOX pre-treated NK cells to K562 cells for 4 h. NK cells were pre-treated with 0, 0.1,
1, and 10 µM DOX for 4 h. DOX was removed prior to NK incubation with K562 cells. Live
K562 cells were labelled with CytoLight Rapid Red. K562 cells with loss of membrane integrity
were labelled with Cytotox Green. Data represents one independent replicate using NK cells
from donor 6. Blue arrows denote the 0 µM DOX control used for direct comparison to 0.1, 1,
and 10 µM DOX treatments for each respective NK:K562 ratio.
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Figure 15. Virtual gel image of donor 6 RNA from K562 cells treated with 0, 0.1, 1, and 10 µM
DOX at 0.5:1, 1:1, and 2:1 ratios of NK cells to K562 cells for 4 h. Total RNA was isolated from
K562 cells following 4 h incubation with primary NK cells and subsequent removal of NK cells
using the EasySep™ Human CD56 Positive Selection Kit II. Image was generated by capillary
electrophoresis using the Agilent 2100 Bioanalyzer.
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3.9. Combined effect of DOX and NK cells on K562 cells with K562 cell pre-incubation
with DOX for 24 h and 48 h
Given our observed negative effect of DOX on NK cell activity, K562 cells were preincubated with 0, 1, and 10 µM DOX for 24 h or 48 h, after which the cells were incubated with
NK cells for 4 h in DOX-free medium at various NK:K562 E:T ratios (0.5:1, 1:1, 2:1). DOX preincubation doses and time points were selected based on K562 and DOX dose- and time- course
experiments shown in Figure 2. At the selected doses and times, Figure 2 revealed observable
DOX-induced K562 cell rRNA degradation and RNA disruption, but not to the extent where the
potential added effect of NK cell-mediated rRNA degradation would prevent observable trends
from being identified due to lack of sufficient RNA for the RDA. One independent biological
replicate was performed for the 24 h time point, while two replicates were completed for the 48 h
time point. Thus, statistical analyses were not performed on this data.
NK cells from donor 7 were used to assess the effect of a 24 h DOX pre-incubation on
NK cell-mediated K562 RNA disruption. As expected, with increased NK:K562 ratio across
each dose group of DOX (0 µM, 1 µM and 10 µM), there was an increase in observable rRNA
degradation and RNA disruption, as well as a decrease in RNA concentration (Figure 16a, b and
c). When comparing entire dose groups of DOX (0 µM, 1 µM and 10 µM), there did not appear
to be an increase in rRNA degradation with increased dose of DOX. There appeared to be a
slight increase in rRNA degradation and RDI value, and a decrease in RNA concentration with 1
µM DOX relative to 0 µM DOX at the 0.5:1 NK:K562 and 1:1 NK:K562 ratio treatments.
However, rRNA degradation patterns, RDI values, and RNA concentrations at the 2:1 NK:K562
ratio were unchanged with 1 µM DOX relative to 0 µM DOX. Unexpectedly, rRNA degradation
and RDI values at 10 µM DOX were lower than 0 and 1 µM DOX treatment groups at all E:T
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ratios, while RNA concentration did not appear to change substantially between the groups. At
this point, there is insufficient evidence as to whether chemotherapy agents (DOX) can augment
NK cell-mediated K562 rRNA degradation at 24 h, and more replicates must be performed in
order to make sound conclusions.
Figure 17 reveals RNA analysis results of a 48 h pre-incubation of DOX with K562 cells
prior to addition of NK cells. NK cells from donor 6 and 7 were isolated for these experiments.
Thus, the data presented comes from two independent experiments. Again, with increased
NK:K562 ratio across each dose of DOX (0 µM, 1 µM and 10 µM), there was an increase in
observable rRNA degradation and RNA disruption, as well as a decrease in RNA concentration
(Figure 17a, b and c). Similar to the 24 h pre-incubation (Figure 16), there appeared to be a slight
increase in rRNA degradation and RDI, and decrease in RNA concentration with 1 µM DOX
relative to 0 µM DOX at the 0.5:1 NK:K562 ratio and 1:1 NK:K562 ratio (Figure 17a, b and c).
Due to large error, it could not be concluded whether rRNA degradation and RDI values were
reduced with 1 µM DOX relative to 0 µM DOX for the 2:1 NK:K562 ratio, however, the RNA
concentrations appeared unchanged. While rRNA degradation and RDI values at 10 µM DOX
appeared lower than 0 and 1 µM DOX treatment groups, it is important to note that each
NK:K562 treatment at 10 µM DOX had one of their RDI values assigned as “N/A” due to too
low of an RNA concentration for RDA analysis, suggesting extensive cell death or rRNA
degradation. Similar to the 24 h time point, with a 48 h DOX pre-incubation of K562 cells, there
was contradictory evidence as to whether DOX can augment NK cell-mediated K562 rRNA
degradation at 48 h. Although the donor 7 48 h virtual gel (Figure 17a) suggests that additional
experiments involving a 48 h pre-incubation of K562 cells with DOX may provide sufficient
data to support a dose-dependent augmentation of NK cell-mediated K562 RNA disruption,
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further studies are necessary to make conclusions regarding the relationship between DOX dose
and NK cell-mediated RNA disruption.
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Figure 16. RNA analysis of donor 7 RNA from K562 cells pre-treated with 0, 0.1, 1, and 10 µM
DOX for 24 h, followed by incubation of K562 cells in DOX-free medium at 0.5:1, 1:1, and 2:1
NK:K562 cell ratios for 4 h. Total RNA was isolated from K562 cells following 4 h incubation
with primary NK cells and subsequent removal of NK cells using the EasySep™ Human CD56
Positive Selection Kit II. A – Virtual gel images of donor 7 K562 cell RNA.

B – RDI values

corresponding with samples in A. C – RNA concentrations corresponding with samples in A.
Blue arrows denote the K562 CD56+ (NK cell-free) control used for comparison to NK:K562
treatments for each respective dose of DOX.
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Figure 17. RNA analysis of donor 6 and 7 RNA from K562 cells pre-treated with 0, 0.1, 1, and
10 µM DOX for 48 h, followed by incubation of K562 cells in DOX-free medium at 0.5:1, 1:1,
and 2:1 NK:K562 cell ratios for 4 h. Total RNA was isolated from K562 cells following 4 h
incubation with primary NK cells and subsequent removal of NK cells using the EasySep™
Human CD56 Positive Selection Kit II. A – Virtual gel images of K562 RNA from (I) donor 6
and (II) donor 7. B – RDI values corresponding with samples in A. C – RNA concentrations
corresponding with samples in A. Hashtags (#) denote one RDI value of “N/A” (N/A = too little
RNA recovered). Blue arrows denote the K562 CD56+ (NK cell-free) control used for
comparison to NK:K562 treatments for each respective dose of DOX.

105

3.10. Validation between NK cell-mediated RNA disruption and loss of membrane integrity
in K562 cells using Pearson’s correlation coefficient
To validate whether there is a correlation between NK cell-mediated RNA disruption and
loss of membrane integrity in K562 cells, Pearson’s correlation coefficients (Pearson’s r values)
were calculated. R values were calculated using NK cell-mediated RNA disruption (Figure 9c)
and loss of membrane integrity (Figure 11d and e) experiments, where K562 cells were treated
with 0.5:1, 1:1, 2:1, and 4:1 ratios of NK:K562 cells for 4 h. These experiments included NK
cells from donors 3, 4, 5, and 6. Both the change in green cell count at 4 h relative to 0 h (Figure
18a and b) and the ratio of green cells to red cells (Figure 18c and d) were included as measures
of loss of membrane integrity. RDI values were used as the measure of RNA disruption.
Correlations were assessed using individual donor RDI and loss of membrane integrity values for
each NK:K562 ratio (Figure 18a and c), as well as averaged donor values per E:T ratio (Figure
18b and d).
RDI correlated with the fold change in green cell count at 4 h relative to 0 h, with r values
of 0.61 and 0.91 for individual (Figure 18a) and average donor values (Figure 18b), respectively.
RDI correlated with the ratio of green cells to red cells, with r values of 0.51 and 0.93 for
individual (Figure 18c) and average donor values (Figure 18d), respectively. These results
suggested that the average donor RDI is strongly and positively correlated with loss of
membrane integrity values, where both RDI and loss of membrane integrity increase by very
similar proportions when NK:K562 ratios are increased. Additionally, there was a moderately
strong, positive correlation between individual donor RDI and loss of membrane integrity values.
Thus, the correlation between the RDI and NK cell-mediated loss of membrane integrity in K562
cells appears to be quite strong overall.
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Figure 18. Heat map of Pearson’s r values of correlation between RDI and loss of membrane
integrity of K562 cell line treated with primary NK cells from donors 3, 4, 5, 6. K562 cells were
treated with 0.5:1, 1:1, 2:1, and 4:1 ratios of NK cells to K562 cells for 4 h. Live K562 cells (red)
were labelled with CytoLight Rapid Red. K562 cells exhibiting loss of membrane integrity
(green) were labelled with Cytotox Green. Pearson’s r values of A – Individual donor RDI
correlated with change in green cell count at 4 h relative to 0 h. B – Average donor RDI
correlated with change in green cell count at 4 h relative to 0 h. C – Individual donor RDI
correlated with ratio of green cells to red cells. D – Average donor RDI correlated with ratio of
green cells to red cells.
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3.11. Comparison of NK cell-induced and chemotherapy-induced rRNA degradation
patterns in K562 cells
Since this study was the first to investigate immune-cell mediated RNA disruption in the
context of the RDA, it was of interest to compare the patterns of rRNA degradation induced by
NK cells and chemotherapy agents. DOX-mediated rRNA degradation (Figure 2) and NK cellmediated rRNA degradation (Figure 9) in K562 cells were compared using side-by-side virtual
gel images and overlaid RNA electropherograms. Pairs of samples used for comparison were
selected on the basis of having similar RDI values.
The 48 h 10 µM DOX sample from replicate 3 and 4 h 0.5:1 NK:K562 from donor 3 had
similar RDI values of 1.9 and 1.7, respectively (Figure 19a). The 28S and 18S bands were
slightly shifted between the two samples due to having been run on different Agilent Nanochips.
While the 28S signal (where “signal” refers to both a band on a virtual gel and a peak on an
electropherogram) appeared similar between the two samples, the 18S signal was less
pronounced in both the virtual gel image and electropherogram of the NK cell sample. The interregion abnormal rRNA banding patterns for both samples were also very similar on the virtual
gels, as rRNA degradation bands were clustered directly above the 18S band. In regards to their
electropherograms, the inter-region peaks were similarly clustered directly after the 18S peak,
but were less pronounced in the NK cell sample electropherogram, which may have occurred due
to lower recovered RNA concentrations.
The 48 h 10 µM DOX sample from replicate 1 and the 4 h 2:1 NK:K562 sample from
donor 6 had the same RDI value of 3.1. The 28S and 18S signals were very similar on both the
virtual gels and electropherograms. The samples had slightly different abnormal inter-region
banding patterns and peaks, where the DOX sample revealed more uniform signals across the
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inter-region, while the NK sample had more pronounced rRNA degradation signals directly
above the 18S signal.
The 72 h 10 µM DOX sample from replicate 3 and 4 h 2:1 NK:K562 from donor 3 had
similar RDI values of 7.5 and 7.1, respectively. The 28S and 18S signals of both samples were
similar on both the virtual gel and electropherograms. The abnormal inter-region signals were
similar in that they clustered directly above the 18S signal for both samples, but they were more
pronounced in the DOX-treated samples (although to an extent that was expected due to its
larger RDI value).
The 72 h 10 µM DOX sample from replicate 1 and the 4 h 4:1 NK:K562 sample from
donor 6 had similar RDI values of 15.2 and 20.5, respectively. The 28S and 18S signals of both
samples were again very similar on both the virtual gel and electropherograms. The abnormal
inter-region bands again clustered directly above the 18S band or directly after the 18S peak for
both samples, with the NK cell sample having revealed more pronounced inter-region signals, as
expected with its larger RDI value.
Overall, this data suggests that DOX and NK cells induce very similar, but not identical
rRNA degradation patterns in K562 cells. The 28S and 18S rRNA signals for NK and DOX
samples with similar RDI values appear comparable across virtual gel images and
electropherograms, while abnormal inter-region signals appear similar in that they are clustered
directly above the 18S band on virtual gels or directly after the 18S peak on electropherograms
with relatively comparable intensities.
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Figure 19. Comparison of K562 cell rRNA degradation patterns between DOX-induced rRNA
degradation and NK cell-induced rRNA degradation. Total RNA was isolated from cells
following treatment with DOX or NK cells. Capillary electrophoresis and RNA analysis were
performed using the Agilent 2100 Bioanalyzer software. Virtual gel images, RDI values, and
overlaid electropherograms comparing A – 48 h 10 µM DOX (replicate 3) and 4 h 0.5:1
NK:K562 (donor 3) B – 48 h 10 µM DOX (replicate 1) and 4 h 2:1 NK:K562 (donor 6) C – 72 h
10 µM DOX (replicate 3) and 4 h 2:1 NK:K562 (donor 3) D – 72 h 10 µM DOX (replicate 1)
and 4 h 4:1 NK:K562 (donor 6). [FU] = fluorescence units
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4.0. Discussion
Immune checkpoint inhibitor (ICI) therapies have been shown to significantly improve
survival in patients with specific cancers that are minimally responsive to chemotherapies, such
as malignant melanoma and non-small-cell lung carcinoma (NSCLC)42,49,50. This has led to the
accelerated approval of a variety of ICI therapies by the FDA and Health Canada for routine
clinical use42,43. However, many patients do not respond to ICI treatment. For example, only
~20% of malignant melanoma patients have been shown to respond to the anti-CTLA-4
molecule ipilimumab50, and only ~20% of NSCLC patients appear to respond to the anti-PD-1
drug pembrolizumab90. Regardless of tumour responsiveness to ICIs, many patients experience
severe short-term and long-term adverse side-effects from these treatments, especially
inflammatory conditions like colitis, hepatitis, and myocarditis49,171. Additionally, ICI therapies
can cost tens of thousands of dollars per patient88. Thus, there is a critical, unmet need for robust
biomarkers that can allow physicians to identify ICI non-responders early in treatment, not only
to mitigate associated costs and side effects, but also to move such patients onto alternate
treatment regimens that may improve their disease outcome.
The RNA disruption assay (RDA) has been found to accurately predict both pathological
complete response (pCR) and disease-free survival (DFS) after neoadjuvant chemotherapy in
patients with locally advanced or inflammatory breast cancer as early as 14 days after initiation
of chemotherapy116,117. Additionally, RNA disruption has shown to be induced by a variety of
mechanistically different chemotherapy agents and cellular stressors in a variety of tumour cell
lines by the Parissenti laboratory group (unpublished data). Thus, the RDA has potential to be
used as a reliable predictive and prognostic biomarker that can stratify patients by response to
ICIs early on in treatment.
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ICIs are typically monoclonal antibodies that enhance the ability of endogenous immune
cells to destroy cancer cells both directly and indirectly12,13,21,83. They do so by blocking
inhibitory ligand-receptor interactions between tumour cells and immune cells, allowing immune
cells to remain active and target cancerous cells11. Other immunotherapies employ similar
mechanisms, such as chimeric antigen receptor (CAR)-T cell and CAR-NK cell therapies, where
the patient’s immune cells are genetically engineered to more effectively targeting and destroy
tumour cells172. These mechanisms can be replicated in vitro using freshly isolated primary
human natural killer (NK) cells and K562 chronic myeloid leukemia cells, which are susceptible
to NK cell targeting15,152. Using this in vitro model, this study assessed whether the RDA has the
ability to quantify/monitor immune cell-mediated destruction of tumour cells.
Accordingly, the objectives of this study were to: a) explore the ability of various
chemotherapy agents and cellular stressors to induce RNA disruption in a dose- and timedependent manner in K562 chronic myeloid leukemia cells; b) determine whether NK cells can
induce K562 cell RNA disruption and loss of membrane integrity in a cell number-dependent
manner; c) determine whether pre-activation of NK cells with IL-2 can augment NK cellmediated K562 cell RNA disruption and loss of membrane integrity; d) assess whether the
chemotherapy agent doxorubicin (DOX) can augment NK cell-mediated K562 RNA disruption;
e) validate whether there is a direct correlation between NK cell-mediated RNA disruption and
loss of membrane integrity in K562 cells; f) evaluate whether the pattern of NK cell-mediated
rRNA degradation fragments is distinct from that induced by chemotherapy agents (DOX).
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4.1. Effect of chemotherapy agents and cellular stressors on K562 cell RNA disruption and
RNA concentration
This study was the first to investigate the ability of chemotherapy agents or cellular
stressors to induce RNA disruption in K562 chronic myeloid leukemia cells. Thus, K562 cells
were treated with various chemotherapy agents or cellular stressors at doses optimized by the
Parissenti laboratory for other cancerous cell lines, such as the A2780 human ovarian carcinoma
cell line.
K562 cells were treated with DOX across various doses and time points. DOX induced
RNA disruption of K562 cells in both a dose- and time- dependent manner (Figure 2). RNA
disruption was significant with 1 and 10 µM DOX at the latest time point (72 h). RNA
concentration was significantly reduced at all doses of DOX (0.1, 1, and 10 µM) relative to the 0
µM control at 48 and 72 h, but not at 8 and 24 h. The 8 and 24 h time points may simply have
been too short to significantly induce rRNA degradation, or, more likely, to significantly block
RNA synthesis association with cell growth or replication.
K562 cells were also treated with optimized doses of a variety of mechanistically distinct
chemotherapy agents or chemical stressors or subjected to medium starvation (all for 72 h at
37oC). Statistically significant RNA disruption was induced by epirubicin (EPI), docetaxel
(DXL), and medium starvation (Figure 4). RNA disruption was not induced in a statistically
significant manner with etoposide (EPEG), carboplatin (CBN), paclitaxel (TAX), vincristine
(VIN), cisplatin (CIS), and irinotecan (IRN). However, reproducible reductions in 28S and 18S
bands along with the formation of intermediate bands suggest that TAX and VIN may also have
induced RNA disruption, despite lack of statistically significant increase in RDI value. Overall,
this suggests that RNA disruption can be induced in K562 cells by multiple, but not all
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chemotherapy agents. RNA concentrations were significantly reduced with all treatments relative
to no treatment (NT), suggesting that every treatment had an effect on cell growth, replication, or
viability, all of which could affect cellular RNA levels irrespective of RNA disruption.
The diffuse RNA disruption banding pattern in the inter-region observed in this study
was similar to unpublished results obtained in the Parissenti laboratory involving chemotherapyinduced RNA disruption in other cell lines at the same doses and time points (Butler et al.,
manuscript in preparation). However, K562 cells generally appeared to be less sensitive to
chemotherapy-induced RNA disruption than A2780 human ovarian carcinoma cells. Moreover,
the banding pattern was distinct from the sharp banding pattern observed by Narendrula et al.160.
The sharp banding pattern observed in the prior study appears to be due to a mycoplasma
contamination in the A2780 cell lines, since non-infected A2780 cells and A2780 cells cleared of
the infection through plasmocin treatment generated the diffuse RNA disruption banding pattern
seen in K562 cells (Butler et al., manuscript in preparation). Grosse et al. reported that K562
cells had a greater IC50 than A2780 cells when treated with DOX and DXL, but not CIS, for
which K562 cells were more sensitive173. Thus, as the chemotherapeutic doses used this study
were within the range that had been optimized for A2780 cells, for treatments that exhibited
minimal RNA disruption in K562 cells, it is possible that greater doses may be required to
induce K562 cell RNA disruption. A study by Scott et al. found that 3T3 murine cells exhibited
rRNA degradation as cells became confluent174, which may have played a role in the lack of
RNA disruption observed with some treatments in K562 cells, which grow in suspension, unlike
A2780 cells that are adherent. The aforementioned study also supports the observation that
medium starvation induces RNA disruption in K562 cells.
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Coinciding with the RNA disruption induced in K562 cells by certain treatments in this
study, rRNA degradation of myeloid leukemia cells has also been observed outside of the
Parissenti laboratory. Houge et al. have previously reported degradation of 28S rRNA in rat and
human myeloid leukemia cells, which coincided with internucleosomal DNA fragmentation and
cessation of cellular protein synthesis136,175. Additionally, rRNA degradation in response to the
stressors used in this study have been previously recorded in other models. Fimognari et al.
found that human T-lymphoblastoid cells treated with DOX revealed aberrant patterns in RNA
electropherograms due to damaged RNA139. Degradation of rRNA has also been shown to occur
in E. coli bacteria176 and potentially in yeast177 in response to nutrient deprivation, similar to the
medium dilution treatments in this study. The degradation of rRNA into stable intermediate
products in various tumour cell lines has also been observed in response to additional apoptosisinducing stressors, as discussed in the next section138,178,179. However, rRNA degradation has
also been to shown to occur independent of apoptosis137. Overall, stress- and chemotherapyinduced RNA disruption appears to be a complex phenomenon which merits further investigation
in order to better understand the mechanism(s) and biological relevance of this phenomenon.
4.2. NK cell-mediated RNA disruption and loss of membrane integrity in K562 cells
In order to assess whether immune cells could also induce RNA disruption, freshly
isolated human NK immune cells were used to target K562 tumour cells, which are highly
sensitive to NK cell-mediated cytotoxicity161. As this study was the first to investigate effects of
immune cells on tumour cells in context of the RDA, optimization was performed to determine
the ideal incubation time and effector to target (E:T) ratios for maximal NK cell-mediated RNA
disruption in K562 cells. First and foremost, flow cytometry was performed to assess the purity
of isolated NK cells from human donors, in order to ensure that the cells used in experiments
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were significantly free of other immune cells in the PBMC population. Thus, cells would have
to be predominantly CD56+ and CD3-.
With flow cytometry, it was determined that NK cells accounted for 6.8% of the PBMC
population prior to NK cell enrichment (Figure 5). This was expected, as it is reported in
literature that NK cells typically account for 5-20% of the PBMC population154. Following
isolation of NK cells from the PBMC population using the EasySep™ Human NK Cell Isolation
Kit, NK cells accounted for 90.3% of the enriched NK cell mixture (Figure 6). The manufacturer
discloses that the expected NK cell content of the isolated fraction is typically 85.0 ± 8.0 %. Our
preparations of NK cells were in this range. Previous publications that used the same EasySep
NK cell isolation kit have shown yields above 80%, with an average of approximately 90%145,146.
Thus, it was verified that the technique used in this study was effective in yielding an enriched
population of NK cells for study.
There was only a minimal observable increase in RNA disruption when a 2 h incubation
was performed with increasing E:T ratios ranging from 0.25:1 to 2:1 NK:K562 cells (Figure 7).
Thus, these conditions were not pursued further.
The optimized assay revealed a cell number-dependent increase in NK cell-mediated
RNA disruption of K562 cells with increasing E:T ratios of 0.5:1, 1:1, 2:1, and 4:1 NK:K562
cells over a 4 h incubation period (Figure 9). There was also a cell number-dependent decrease in
RNA concentration with increasing NK:K562 ratios. Thus, it was discovered for the first time
that immune cells, specifically NK cells, are capable of inducing RNA disruption in tumour
cells, and that NK cell-mediated RNA disruption of tumour cells can be measured by the RDA.
While all four donors exhibited a cell number-dependent increase in NK cell-mediated
RNA disruption, the extent of RNA disruption varied between donors. For example, at each
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respective E:T ratio, donor 5 exhibited a greater extent of RNA disruption than donor 6. This
variation is to be expected when dealing with biological samples like the primary NK cells of
humans. It is also important to note that the 1:1 NK:K562 condition was the only E:T ratio with a
statistically significant increase in RDI value relative to the 4 h K562 only control submitted to
CD56+ selection. However, both the 2:1 and 4:1 NK:K462 ratios generated substantially larger
RDI values than the 1:1 NK:K562 ratio. The lack of statistical significance at the 2:1 and 4:1
NK:K562 ratios was likely the result of large error bars which arose from the inclusion of less
data points when “N/A” values occurred, biological variability between NK cells of different
human donors, and inherent variability of the RDA that occurs when assessing treatments that
generate large RDI values. Variability when assessing treatments that generate large RDI values
occurs due to highly disrupted RNA differing in the amount, number, and size distribution of
rRNA degradation products, which can impact on the RDI. Although not statistically significant,
reproducible changes in virtual gel banding patterns and sizable increases in RDI values amongst
all four donors at the 2:1 and 4:1 NK:K562 ratios, along with generation of “N/A” RDI values at
the largest E:T ratio, suggested that substantial rRNA degradation, and thus, biologically relevant
increases in RNA disruption had occurred at the 2:1 and 4:1 E:T ratios relative to the control.
Thus, it can be concluded that NK cell-mediated RNA disruption was induced in K562 cells in a
cell number-dependent manner.
NK cell-mediated loss of K562 cells membrane integrity was determined using the
Incucyte® S3 Live Cell Analysis System with CytoLight Rapid Red Reagent for K562 total live
cell counts and Cytotox Green Reagent to count K562 cells experiencing loss of membrane
integrity. With increasing NK:K562 ratios of 0.5:1, 1:1, 2:1, and 4:1 incubated together for 4 h,
there was a NK cell number-dependent increase in K562 cell loss of membrane integrity (Figure
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11). This held true whether loss of membrane integrity was measured as the change in the
number of green cells at 4 h relative to 0 h or the ratio of green cells (K562 cells with lost
membrane integrity) to red cells (total live K562 cells). Additionally, red cell counts (total live
K562 cells) revealed NK cell-mediated inhibition of K562 cell growth, despite the absence of
NK cell-mediated K562 cell destruction. Upon examining the raw data, it was clear that the vast
majority of green cells (loss of membrane integrity) also retained their red fluorescence,
suggesting that K562 were not completely destroyed. It is possible that a 4 h incubation time
allowed for loss of membrane integrity, but may not have been sufficient to induce complete
K562 cell destruction. To further confirm whether NK cell-mediated RNA disruption of K562
cells is associated with K562 cell death (or lack thereof), additional experiments would be
required using at least one other cytotoxicity assay, such as cellular DNA content analysis, to
determine whether K562 cells with lost membrane integrity are truly non-viable.
Kandarian et al. developed a flow cytometry-based cytotoxicity assay to assess human
NK cell activity towards K562 cells143. Their method was very similar to the Incucyte loss of
membrane integrity cytotoxicity assay used in this study, as their K562 target cells were prelabeled with a fluorescent dye to allow for discrimination from NK effector cells, and killed
target cells were identified using a nucleic acid stain, which specifically permeates dead cells.
Their protocol recommended a 4 h incubation of purified primary NK cells at 0.625:1, 1.25:1,
2.5:1, and 5:1 E:T ratios to observe NK cell-mediated K562 cytotoxicity143, similar to the ratios
used in this study. Kwoen et al. also demonstrated NK cell-mediated cytotoxicity of K562 cells
by flow cytometry using similar conditions of 0.5:1, 1:1, and 2:1 E:T ratios over a 4 h incubation
period145. Although NK cell-mediated RNA disruption of K562 cells was observed using similar
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conditions in this investigation, further cytotoxicity assays need to be performed to make
conclusions as to whether the 4 h treatment results in non-viable, non-recoverable cells.
A few studies reported cytotoxicity at greater E:T ratios than what was used in this study.
Nagel et al. observed primary NK cell-mediated K562 cytotoxicity using a
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Cr-release assay

with a 4 h incubation and a 5:1 E:T ratio146. Somanchi et al. observed primary human NK cellmediated cytotoxicity of K562 cells with image cytometry after 4 h using a 10:1 E:T ratio144.
Thus, in addition to a longer incubation period, it is possible that a larger E:T ratio may allow for
complete cell death in addition to the loss of membrane integrity observed in this investigation.
The predominant mechanism by which NK cells exert their tumour cell killing function is
through exocytosis of cytotoxic granules containing perforin and granzymes, which initiates
target cell apoptosis through activation of caspases12. Caspases are activated either directly by
granzymes or indirectly via Bid-dependent mitochondrial permeabilization21. There are various
studies that support concurrent apoptosis and rRNA degradation. Houge et al. found that 28S
rRNA degradation of rat and human myeloid leukemia cells coincided with internucleosomal
DNA fragmentation and cessation of cellular protein synthesis, which are hallmarks of
apoptosis136,175. This suggests that inhibition of protein synthesis triggered by rRNA degradation
may initiate apoptosis. rRNA degradation has also been shown to coincide with apoptosis in
human lymphocytes178, as well as bovine endothelial cells136 and rodent thymocytes136,138 in
response to many apoptosis-inducing cellular stressors. NK cells also initiate apoptosis of tumour
cells via death receptor-mediated cytotoxicity, where death ligands on the surface of NK cells,
such as FasL and TRAIL, bind to death receptors on the surface of tumour cells24,25. Nadano et
al. demonstrated that activation of the Fas receptor with an anti-Fas antibody induced both rRNA
degradation patterns and apoptosis in a human T cell-leukemia cell line179. In contrast, King et al.
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demonstrated that rRNA degradation may also occur in a caspase/Bcl-2-independent pathway,
indicating that apoptosis may not be required for rRNA degradation to occur138. Thus, many
studies support a link between rRNA degradation and apoptosis of tumour cells through similar
apoptosis-inducing mechanisms as NK cells, but both processes appear to occur independently of
each other.
4.3. Effect of pre-activation of NK cells with IL-2 on NK cell-mediated RNA disruption and
loss of membrane integrity in K562 cells
In order to examine the effects of pre-activation of NK cells with IL-2 on NK cellmediated RNA disruption and loss of membrane integrity of K562 cells, NK cells were treated
with no IL-2, 100 IU/mL IL-2, and 1000 IU/mL IL-2 at 0.5:1, 1:1, and 2:1 NK:K562 ratios for
4 h. It was found that pre-activation of NK cells with IL-2 enhanced NK cell-mediated RNA
disruption of K562 cells in a dose-dependent manner (Figure 12). Statistical significance was not
able to be computed for most samples due to many assigned RDI values of “N/A”, but preactivation of NK cells with IL-2 certainly resulted in remarkable increases in RDI value relative
to no IL-2, especially at the larger 1:1 and 2:1 ratios. In fact, the number of samples with an RDI
value of “N/A”, suggesting extensive rRNA degradation to an extent where an RDI value can no
longer be computed by the RDA, increased with larger IL-2 doses at higher E:T ratios.
Additionally, there was an observable, reproducible increase of intermediate rRNA degradation
bands accompanied by reduced 28S and 18S bands with increased IL-2 dose at each E:T ratio.
Thus, there is strong evidence to suggest that NK cell-mediated K562 cell RNA disruption was
augmented with IL-2 in a biologically significant manner. It was also found that cellular RNA
concentration was significantly reduced by IL-2 treatments relative to no IL-2 controls at the
0.5:1 and 1:1 NK:K562 ratios. RNA concentration was not significantly reduced with IL-2
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treatments at the 2:1 ratio, but this likely occurred because RNA concentration was already
sufficiently low to prevent the calculation of an RDI value.
There was a dose-dependent increase in loss of K562 cell membrane integrity at various
E:T ratios (0.5:1, 1:1, 2:1) when NK cells were pre-activated with increasing doses of IL-2
(Figure 13). This was observed when loss of membrane integrity was measured as the ratio of
green cells to red cells (ratio of K562 cells with loss of membrane integrity out of total live K562
cells). The change in green cells with lost membrane integrity at 4 h (relative to the 0 h control)
did not reveal an increase in loss of membrane integrity with increased dose of IL-2 at each E:T
ratio. It appears that the green cell to red cell ratio may be a superior measure of loss of
membrane integrity, as it provides a representation of the entire K562 cell population, unlike the
change in the number of green cells, which only considers cells experiencing loss of membrane
integrity. The number of red cells (total live K562 cell counts) did not appear to change
significantly over 4 h with increased doses of IL-2 across E:T ratios. Similar to Figure 11, it
appeared that K562 cells emitting a green signal due to entry of Cytotox Green upon loss of
membrane integrity also continued to emit a red signal, suggesting a “live” cell. Thus, with IL-2
pre-activation of NK cells, while a 4 h incubation allowed for dose-dependent loss of membrane
integrity of K562 cells, it was insufficient to induce cell destruction. These cells may,
nevertheless, be non-viable and other cell death or cytotoxicity assays would need to be
performed to assess this.
Other studies have observed an increase in NK cell-mediated K562 cytotoxicity upon
pre-treatment of NK cells with IL-2 at similar doses and incubation times. It has been shown that
long-term incubations of NK cells with IL-2 (up to 6 days) enhances NK cell cytotoxicity and
binding to targets, but the same effect can occur after short-term incubations up to 24 h180,181.
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While Somanchi et al. observed primary human NK cell-mediated cytotoxicity of K562 cells
using image cytometry after 4 h with a 10:1 E:T ratio, pre-stimulation of NK cells with 50
IU/mL IL-2 for 3 weeks resulted in complete lysis of K562 cells after 4 h at only a 2:1 E:T
ratio144. Zamai et al. was able to demonstrate significantly greater NK cell-mediated cytotoxicity
against K562 cells when NK cells were pre-incubated overnight with 100 IU/mL IL-2 compared
to unstimulated NK cells using both flow cytometry and a
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Cr-release assay149. Clinically, the

combination of IL-2 with ipilimumab (ipi), an anti-CTLA-4 ICI therapy, has also been shown to
increase survival in patients with metastatic melanoma compared to ipilimumab on its own71.
Abrams et al. found that human NK cells lost greater than 90% of their original lytic
activity after a 4 h incubation with K562 cells, and through pre-incubation of NK cells with IL-2
for 18 h, they found that IL-2 plays an important role in restoring lytic potential to functionally
inactive NK cells150. Lotzova et al. demonstrated that NK cell impairment characteristic of
leukemia patients can be reversed in culture with IL-2, and that fully cytotoxic NK cells can be
maintained and expanded in vitro182. Lehmann et al. found that pre-activation of primary human
NK cells with IL-2 resulted in increased K562 and ML-2 leukemia cell death due to improved
binding of perforin to the target cell membrane and subsequent lysis of tumour cells151. In
another study using K562 target cells, Rukavina et al. found that in vitro pre-incubation of NK
cells with IL-2 for 6 and 24 h corrected perforin deficiency contributing to reduced NK cell
efficacy of elderly people over the age of 70183. Thus, it appears that NK cell-mediated
cytotoxicity towards K562 cells may not only be enhanced, but also restored by IL-2 preactivation of NK cells, likely via a perforin-based mechanism.
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4.4. Effects of simultaneous NK immune cell and chemotherapy (DOX) treatment on K562
cell RNA disruption
To determine whether DOX could further augment NK cell-mediated RNA disruption of
K562 cells, DOX and NK cells were first incubated simultaneously with K562 cells for 4 h.
Using this method, DOX did not induce an observable increase in NK cell-mediated K562 rRNA
degradation (Figure 15). This was further supported by data depicted in Figure 14, which
revealed that NK cells pre-treated with DOX were less capable of inducing K562 loss of
membrane integrity in DOX-free medium, especially with DOX pre-treatment doses of 1 and 10
µM. These results suggested that DOX affects NK cells in a manner that reduces their cytotoxic
effects towards K562 cells (possibly by inducing NK cell death). Additionally, a 4 h incubation
of K562 cells with DOX may not have been sufficient to induce RNA disruption, even in the
presence of NK cells. This was further supported by Figure 2 DOX dose- and time- course
results, where significant RNA disruption was more prominent after 8 h. Extending the
incubation time to allow for DOX to exert its effects on K562 cells would not be ideal, as NK
cells exposed to DOX for a longer time may be non-viable cells. Thus, the simultaneous
combination of DOX and NK cells to induce K562 cell RNA disruption was not an optimal
model.
In attempt to avoid the negative effects of DOX on the viability or cytotoxicity of NK
cells, K562 cells were pre-treated with DOX prior to incubation of K562 cells with NK cells for
4 h in DOX-free medium. Although only a single replicate was performed, a 24 h pre-incubation
of K562 cells with DOX did not exhibit augmented RNA disruption relative to NK cell-mediated
RNA disruption in the absence of DOX (Figure 16). With a 48 h DOX pre-incubation,
augmented RNA disruption in K562 cells was not observed when combining K562 cells with
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donor 6’s NK cells, but DOX pre-incubation of K562 cells did augment the ability of donor 7’s
NK cells to recognize and kill these cells (Figure 17). Only two replicates of the 48 h DOX preincubation were performed, but these conditions will be replicated in several future experiments
to determine when DOX treatment of tumour cells improves tumour cell killing and tumour cell
RNA disruption by immune cells.
Previous literature has supported the idea that treatment of tumour cells with low doses of
chemotherapeutic agents augments immune cell killing. Borrelli et al. found that treatment of
multiple myeloma (MM) cells with sub-lethal doses of DOX and melphalan (an alkylating agent)
led to senescence, resulting in increased expression of IL-1566. MM cell IL-15 trans-presentation
to NK cells resulted in increased NK cell activation and proliferation, and thus, enhanced NK
cell-tumor immune surveillance66. Soriani et al. found that MM cells treated with low doses of
DOX, melphalan, and bortezomib exhibited a stress-induced senescent phenotype where they
expressed increased NKG2D and DNAM-1 ligands on their cell surface, which are NK cellactivating ligands168. This was further supported by an in vivo study where low doses of
melphalan promoted the in vivo establishment of a senescent tumor cell population in a MM
mouse model, allowing for stress-induced surface expression of NKG2D and DNAM-1 and
greater NK cell recognition169. A similar phenomenon was observed with the chemotherapy
agent 5-fluorouracil (5-FU), which increased the expression of MHC I and NKG2D on Panc02
pancreatic cancer cells of mice. NK cells isolated from these mice exhibited enhanced
cytotoxicity against Panc02 cells184.
Chemotherapy agents have also been shown to augment NK cell-mediated tumour cell
death by inducing expression of death receptors on the surface of tumour cells. Wennerberg et al.
demonstrated that pre-treatment of various human tumour cell lines (melanoma, renal cell
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carcinoma, etc.) for 16 h with sub-therapeutic (100-500 ng/mL) doses of DOX resulted in a 2.5
mean fold increase in NK cell-mediated tumour cell lysis through augmented apoptosis-inducing
TRAIL receptor signaling67. This was further confirmed in a xenogeneic tumour-bearing mouse
model, where tumor progression was delayed in mice that received NK cells pre-treated with
DOX compared to mice receiving untreated NK cells67. Other studies found a similarly enhanced
sensitivity of tumour cells to TRAIL-mediated apoptosis following pre-incubation of tumour
cells with not only DOX, but other chemotherapy agents like CIS and EPEG185,186,187,188.
The combination of chemotherapy agents and ICIs has also been shown to clinically
enhance treatment outcome relative to either therapy alone. The combination of pembrolizumab,
an anti-PD-L1 therapy, with CBN and TAX is currently used as first-line therapy in patients with
metastatic squamous non-small cell lung carcinoma (NSCLC)68. The combination of
pembrolizumab with DOX and cyclophosphamide has also shown to significantly improve pCR
in patients with high-risk breast cancer relative to standard neoadjuvant chemotherapy alone69.
4.5. Correlation between NK cell-mediated RNA disruption and loss of membrane integrity
in K562 cells
In order to further validate the methods used in this study, the correlation between NK
cell-mediated RNA disruption and loss of membrane integrity was assessed using Pearson’s (r)
correlation coefficient. When correlations were computed using individual donor RDI values for
each E:T ratio relative to the change in the number of green cells or the green cell to red cell ratio
(as measures of loss of membrane integrity), moderately strong, positive correlations of 0.61 and
0.51 were observed, respectively (Figure 18). Variation is to be expected when comparing
individual biological samples, such as effects of human NK cells obtained from various donors
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in this study. Thus, RDI and loss of membrane integrity of individual patient samples can be said
to have correlated reasonably well.
When correlations were computed using average RDI values for each E:T ratio relative to
the change in the number of green cells or the green cell to red cell ratio, very strong, positive
correlations of 0.91 and 0.93 were observed, respectively. Thus, RDI and loss of membrane
integrity appear to correlate better on a population basis than on an individual patient basis. This
comes to no surprise, as variation is typically expected amongst individual biological models,
such as the NK cells provided from different human donors in this study.
NK cell cytotoxic activity can vary widely even amongst healthy individuals and is
influenced by many factors143. NK cell activity has been found to vary by sex, where men appear
to have greater NK cytotoxicity than women189. Using a 51Cr release assay, Hu. Et al found that
NK cell cytotoxicity towards K562 cells was greater in men than in women190. When studying
20-29-year-old healthy individuals, Yovel et al. found that NK cell activity was significantly
higher in men compared to women with regular menstrual cycles or women using oral
contraceptives, who had the lowest levels of natural killer cell activity191. They also found that
the increase in NK cell activity is not attributed to differences in the number of NK cells between
men and women, but is rather obtained per NK cell. Hormonal changes associated with the
female menstrual cycle and contraceptive use may explain this phenomenon. Ferguson et al.
found that high doses or prolonged exposures to estradiol inhibit human NK cell cytotoxicity192.
In contrast, Sulke et al. found that luteinizing hormone (LH), but not estradiol, inhibited NK cell
cytotoxicity towards K562 cells at concentrations within the normal physiological range193. In
this study, both males and females were included, which may have accounted for some of the
variability between individual donors.
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NK cell cytotoxicity can also differ with age. Although there are conflicting observations,
the general consensus in the field is that NK cell cytotoxicity is reduced with age194,195,196,197.
However, an increase in the circulating frequency of NK cells that occurs with age may
compensate for the age-related reduction in NK cell activity at the individual cell level198,199,200.
It is thought that reduced perforin release underlies the age-related decline in NK cell
activity194,201,202. Hazeldine et al. found an age-related reduction in NK cell perforin secretion in
subjects over the age of 60, which was associated with defective polarization of lytic granules
towards the immunological synapse201. In this research project, donors between the ages of 20
and 59 were included to control for older age. However, this is still a broad range where age may
have played a role in NK cell variability.
In addition to the factors described above, obesity203, smoking156,204, and other
characteristics may affect variability in NK cell activity amongst individuals. For the purpose of
this study, smokers were excluded from donor eligibility. In contrast to previously mentioned
literature, Nagel et al. found that NK cell activity of healthy individuals was independent of age,
sex, and smoking habits when studying 200 individuals from 20-95 years of age146. It has also
been shown that NK cell activity can fluctuate with the same individual205,206. Thus, there are a
myriad of factors that may have contributed to the variability of individual donor NK cells,
which is to be expected when studying fresh immune cells from different human subjects.
4.6. Comparison between NK cell-mediated and chemotherapy (DOX)-mediated rRNA
degradation fragments
Since this was the first study to examine NK cell-mediated RNA disruption in context of
the RDA, which had previously been shown to quantify chemotherapy-induced RNA disruption
of tumour cell lines and tumour biopsy tissue samples, it was of interest to compare NK cell-
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mediated rRNA degradation patterns to DOX-induced rRNA degradation patterns in the K562
cell line. Figure 19 revealed that NK cell-mediated rRNA degradation patterns were similar to
that induced by DOX when comparing samples with similar RDI values side-by-side. rRNA
degradation observed in virtual gel images and electropherograms revealed similar reductions in
normal 28S and 18S rRNA signals (where “signal” refers to both a band on a virtual gel and a
peak on an electropherogram) along with increased abnormal signals in the inter-region just
above the 18S rRNA band on virtual gel images and directly following the 18S peak on
electropherograms. Although rRNA degradation patterns were similar, the extent of reduced
normal and increased abnormal rRNA signals sometimes differed between NK- and DOXmediated rRNA degradation samples with similar RDI values. However, with most comparison
pairs in Figure 19, RDI values were not an exact match, thus, it was not expected that rRNA
degradation patterns would be identical. Additionally, it has been observed in our laboratory that
even a pair of only chemotherapy-induced rRNA degradation samples may vary slightly in
rRNA degradation patterns despite producing similar RDI values. Future investigations into the
mechanisms of RNA disruption may allow for better understanding of this phenomenon and the
origins for the abnormal rRNA bands.
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5.0. Conclusion and future directions
The goal of this investigation was to assess whether the RNA Disruption Assay (RDA)
can quantify and monitor immune cell-mediated destruction of tumour cells. In this study, K562
tumour cell RNA disruption was observed in response to doxorubicin (DOX) in a dose- and
time- dependent manner. K562 cell RNA disruption was also observed in response to various,
but not all chemotherapy agents and cellular stressors. Natural killer (NK) immune cells were
able to induce K562 RNA disruption and loss of membrane integrity in a cell number -dependent
manner. Pre-activation of NK cells with IL-2 was able to augment NK cell-mediated K562 RNA
disruption and loss of membrane integrity in a dose-dependent manner. Although there is
promising preliminary data to suggest that DOX can augment NK cell-mediated K562 RNA
disruption in a dose-dependent manner, further studies are required to make a conclusion. NK
cell-mediated K562 RNA disruption and loss of membrane integrity appear to correlate in a
strong, positive manner. NK cell-mediated and DOX-induced K562 rRNA degradation also
appear to induce similar fragmentation patterns. Overall, these results reveal promise in the
ability of the RDA to quantify and monitor immune cell-mediated destruction of tumour cells.
Future studies will replicate this phenomenon using additional cytotoxicity assays to confirm the
association between NK cell-mediated RNA disruption and cell death in K562 cells. The
combination of DOX- and NK cell-mediated RNA disruption and cell death will also continue to
be explored. Additionally, animal models will be used to assess the RDA’s ability to quantify
and monitor immune cell-mediated destruction of tumour cells in vivo. This will eventually allow
for animal studies and eventual clinical trials that will assess the utility of the RDA to monitor
response to immune checkpoint inhibitor therapy early in treatment in order to minimize the
costs for these highly expensive drugs and to improve disease outcomes in cancer patients.
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