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Abstract 
Immunogenic cell death (ICD) is at the forefront of research and cancer treatment. Activation 
of the ICD pathway has shown to be successful in certain late stage cancer treatments; 
however, there is a lack of consistency and breadth in the overall patient base. The 
complexities and lack of consistency of the immune response in cancers presents a challenge 
to treatments. Therefore, finding a way to activate a cancer-specific immune response to a 
broad patient population could potentially transform the way advanced stage or metastatic 
cancers are managed. In this study we looked at the relationship between inducing ICD and an 
alteration in major histocompatibility complex class I (MHC I) surface expression in vitro. 
With some preliminary data suggesting that copper may boost ICD effects, we evaluated 
whether or not candidate ICD inducers, in the presence or absence of copper, would alter 
MHC I surface expression. We saw when CT26 cells were treated with 4’-(4-Chlorophenyl)-
2,2’:6’,2”-terpyridine, 4,4’ or mitoxantrone there was a large increase in MHC I surface 
expression, comparable to the increase seen when treated with positive control interferon-
gamma (IFN-γ). The treatment of B16.F10 with the 4’-(4-Chlorophenyl)-2,2’:6’,2”-
terpyridine, 4,4’, mitoxantrone or doxorubicin caused an increase in MHC I surface 
expression but it was not as large as the increase seen when treated with IFN-γ. Based on 
results from the current study, the addition of copper did not alter MHC I surface expression.  
 
Popular Science Summary 
Regardless of how widespread cancer is globally, a universal cure is still in the distant future, 
particularly when cancer is an umbrella term for hundreds of diseases originating from 
various organs. The inability to find a cure for cancer is multifactorial. There is a lack of 
understanding about how cancers differ among individuals, how individuals differ in 
treatment responses and how to stop reoccurrence. These problems are complex and deal with 
many different aspects of health and human biology making them difficult to grasp. One way 
to tackle this problem is to examine how our immune system is working during cancer 
treatments.  
 
Our immune system is a set of molecules working hard everyday to keep us from catching a 
friend’s cold or falling ill from the season’s flu. Our immune system impacts the development 
of cancer in two main ways. Cells become cancerous because of their ability to avoid the 
immune system, paradoxically we are able to fight cancer more successfully when we have a 
high immune response. In this study we are looking at a system in which our cells are able to 
flag our immune system, to tell it that they are cancerous. When the cancerous cell flags the 
immune molecules, the immune molecules will degrade and eradicate these cancer cells from 
our body. The fewer ‘cancer flags,’ the less the immune system is able to recognize and 
eliminate these harmful cells. This study specifically looks at a way to increase the number of 
cancer flags on harmful cells. 
 
We did this by using two cancerous cell lines, melanoma and colon cancer. We treated them 
with different cytotoxic drugs and then looked at how many cancer flags could be found on 
the surface of these cancer cells.  We were hoping certain cytotoxic drugs would cause a 
higher increase of cancer flags on the surface of these cancer cells. 
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During the experiment we found for colon carcinoma cells, certain cytotoxic drugs were able 
to cause a large increase in cancer flags on the surface of the cancer cells. For melanoma cells, 
there was also an increase in cancer flags on the cells surface for certain cytotoxic drugs. The 
extent of increase in the amount of cancer flags in melanoma was lower than the colon 
carcinoma, showing how two different cancers will respond differently to treatments. The 
various responses from the two different cell lines highlights the complexities of cancer 
treatment – some cancers are more responsive or immunogenic than others. These results are 
promising in indicating that certain cancer treatments could motivate a higher expression of 
cancer flags and as a result cause cancer cells to be more susceptible to treatments.  
 
Key Words 
ICD: Immunogenic Cell Death, MHC I: Major histocompatibility complex class 1, IC50: Half 
maximum inhibitory concentration, IFN-γ: Interferon-gamma, CDK inhibitor: Cyclin-
dependent Kinase inhibitor, CPT: 4’-(4-Chlorophenyl)-2,2’:6’,2”-terpyridine, TER: 
2,2’:6’,2”-terpyridine, TTBT: 4”- Tri-ter-butyl-2,2’:6’,2”-terpyridine, Dox: Doxorubicin, 
Mito: Mitoxantrone, Cis: Cisplatin, Ox: Oxaliplatin, Rib: Ribociclib, Abe: Abemociclib, Pal: 
Palociclib. 
 
Introduction 
Millions of cells die in our body everyday to maintain tissue homeostasis. Cell death can be 
triggered by infection, injury or routine turnover among other events.1–3 The two main 
categories for cell death are: accidental cell death (ACD) and regulated cell death (RCD).4 
These two categories are then broken down into: apoptosis, autophagic cell death, and 
necrosis, also known as cell death type I, II, and III.5–7 The differentiation between the types 
of cell death was initially based on the morphological changes that the cells undergo as they 
die.7 For example, during apoptosis the membrane blebs and there is a reduction of the 
organelles in the cell.8 Autophagic cell death is characterized by membrane rearrangement 
where lysosomes degrade and recycle material back to the cell9,10, and necrosis exhibits a 
rupturing of the cell membrane due to swelling.11 It was later discovered these cell death 
pathways also exhibited different signals for initiation, implementation and proliferation, 
which lead to the classification of many different types of cell death pathways by the 
Nomenclature Committee on Cell Death (NCCD).5 In 2018 the NCCD identified 12 different 
kinds of cells death with distinguishable features, one of which is immunogenic cell death 
(ICD).5 
 
ICD is of particular interest because when it is stimulated it causes an adaptive immune 
response.5,12 As with all cell death pathways there are specific signals that are being released 
by the cells and received by the immune cells. Stimulation of the adaptive immune system is 
done by a combination of signals that when presented together are unique to ICD, however 
when one signal is absent such as release of calreticulin, there is a lack of ICD response.5 
During the clearance of dead cells, the immune system is tasked with recognizing what type 
of cell death is occurring and what pathways it is a part of. Recognizing these pathways 
allows for the avoidance of auto-reactivity and allows for the activation of an innate or 
adaptive immune response if necessary. The immune system is able to differentiate between 
these types of deaths because of specific types of cell signalling. Understanding the 
mechanisms and the downstream effects of these pathways allows researchers to manipulate 
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them. The research into ICD has shown that certain cytotoxic drugs as well as treatments, 
such as radiation, will induce ICD.2 Viral infection will also cause an ICD response.4 
Initiating ICD could help eradicate cancerous cells and fight against future cancer 
development, similar to a vaccination.13 For the cells to enter the ICD pathways they must be 
exposed to an ICD inducer which causes endoplasmic reticulum stress and autophagy (Figure 
1).14 The endoplasmic reticulum stress is essential for stimulating ICD as it activates the 
appropriate pathways.14 The stress that is induced leads to a preapoptotic stage where 
calreticulin (CRT) from the lumen of the endoplasmic reticulum is exposed to the outermost 
part of the plasma membrane.2 This exposure is followed by apoptosis where adenosine 
triphosphate (ATP) is released.15,16 In the post apoptotic phase during secondary necrosis the 
release of the high-mobility group box 1 (HMGB1) nuclear protein occurs.2,13,15 These signals 
are known as damage-associated molecular patterns (DAMPs) which bind with their 
respective receptors on immature immune cells and start an immune cascade.14,15 ER stress 
and DAMPs are also released in other cell death pathways, such as intrinsic apoptosis, but 
without the specific combination of CRT, and HMGB1, the cell death pathway will not be 
considered ICD because it will not activate the immune response. These DAMPs activate an 
immune response by binding to immature immune cells then upon activation, signals are 
released and other immune cells, such as natural killer cells and Cytotoxic T lymphocytes 
(CTL), are recruited to the tumour area.14–17 The induction of the immune response in that 
area causes there to be an increase in dendritic cells, T regulatory cells, and cytotoxic T 
lymphocytes. 14,16,17 With these immune cells there is an IL-1β, IL-17, dependent interferon 
gamma mediated immune response.13 In this case the tumour cells displaying major 
histocompatibility complex class I (MHC I) will be bound by tumour specific CTL cells and 
be destroyed.18 Proliferation and differentiation of the CTL cells will occur if during the 
binding process both the antigen site and the CD8+ site are bound.18  
Overview of the Immunogenic Cell Death (ICD) pathway  

 
Figure 1. Induction and process of the ICD pathway. The pathway that occurs when 
tumour cells are exposed to ICD inducers such as radiation or certain cytotoxic drugs. 
Tumour cells are stressed by an ICD inducer, which causes the initiation of the ICD pathway. 
CRT, ATP and HMGB1 are released from the dying cell and bind with immature immune 
cells, which causes them to mature and eventually release signals such as IL-1β and IFN-γ, 
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which stimulates MHC, I surface expression. Abbreviations: ATP: adenosine triphosphate; 
CRT, calreticulin; CTL, cytotoxic CD8+ T lymphocytes; DC, Dendritic cells; HMGB1, high-
mobility group box 1; IFN-γ, interferon gamma; IL, interleukin; TLR, Toll-like receptor. 
 
MHC I is an endogenous pathway which allows for the identification of infected cells.18 Low 
levels of MHC I have been linked with a poor prognosis in cancer treatment.19 The connection 
between MHC I and the prognosis of cancer patients has led to high interest in determining 
ways in which we can increase the MHC I surface expression on cancer cells.19 Specifically 
this is looking at the relationship between immunogenicity of the tumour and their response to 
new tumour treatments. The poor prognosis is thought to occur with low levels of MHC I 
because it allows cancer cells to evade the immune system, which allows more resistant forms 
of cancer to grow.18 The lower the levels of MHC I on the surface of the cancer cells, the 
more likely the cancer cells are going to avoid being bound by cytotoxic T cells and 
destroyed.18 
 
For a cell to become cancerous it must avoid the immune system and apoptotic pathways.5 In 
recent years, many different mechanisms have been discovered that allow cells to avoid 
endogenous cell death, such as down regulation of MHC I as mentioned above.19 Other 
mechanisms involve defects in the apoptotic pathway, certain molecular signals that interfere 
with signals within the cell, and infection.2 Not only are these cancer cells avoiding detection 
from the immune system but the environment they are in also impacts the effectiveness of the 
cancer treatment.20,21 This environment is known as the tumour microenvironment (TME).20,21 
TME are complex microenvironments that contain a vast array of cells such as non-malignant 
cells and immune cells.22 The TME is considered ‘hot’ or ‘cold.’20 The classification of hot or 
cold indicates the level of T-cell infiltration into the tumour, as well as the level of immune 
signalling present on the surface of the cell.23 Those that are considered hot have a higher 
level of T-cell infiltration and a higher expression of immune signals.24 Hot tumour cell lines 
typically will have a better outcome with treatments because the treatments are able to 
penetrate the tumour and kill the cells more readily.24 Whereas cold tumours cell lines are 
poorly immunogenic, where there is a lack of T cell infiltration as well as having a 
suppression of immune signals, which leads them to be resistant to treatments.25,26,27,28 It 
should be noted that these categories are not absolute and within one tumour there is a 
possibility to have hot and cold regions.27,29  
 
Examples of these types of tumours lines are B16.F10 and CT26, which are both used in this 
study. B16.F10 is a mouse melanoma and considered a cold tumour cell line, CT26 is a 
mouse colon carcinoma and is considered a hot tumour cell line.30,31 The microenvironment 
and the immune system manipulations are two glaring factors that will affect the outcome of 
treatments. Currently researchers are looking to find a way to convert cold tumours to hot 
tumours, in hopes that they will cause the tumour to be more susceptible to treatment.28,32,33 
One possible way to convert cold tumours to hot tumours or to increase the effectiveness of 
treatments is to elicit a greater immune response, through cell signalling.  
 
Interferon-gamma (IFN-γ) is a key player in the immune response. There are three different 
categories of interferon, type I, type II and type III.23 The large family of IFN results in them 
playing many different roles within the cell. Interferon type II contains IFN-γ, which is 
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functionally and structurally different than the interferon molecules found in the other 
categories.23,34,35 IFN-γ works by binding the extracellular domain of the subunit IFN-γR1, 
which causes the stimulation of IFN-γR2. This initiates the Jak-Stat pathway resulting in the 
STAT homodimer entering the nucleus and binding the gamma-activated sequence sites of 
certain target genes, such as IFN response factor 1 which activates many secondary genes.34,35 
The production of IFN-γ comes from many cells. The two primary producers are natural killer 
cells and tumour-specific cytotoxic CD8+ T lymphocytes.20,36 One thing IFN-γ is responsible 
for is signalling that activates the adaptive immune response. During this process it will 
upregulate the expression of MHC I which is essential for an effective host immune response 
to cancer cells.34,37 There have been many clinical trials that have seen a lack of efficacy when 
IFN-γ is used, in some cases the adverse side effects were too large and the trial was stopped 
prematurely.37–41 Although there is a lack of evidence in the success for IFN-γ in cancer 
treatment, their diverse role in immune activation continues to attract interest.37,42  
 
Copper is a transition metal that is important in human physiology and has many biological 
applications.19 The natural pathways within the human body, along with its ability to form 
therapeutically active copper complexes has made copper the subject of much research.19,43 
Within this study copper sulphate was combined with cytotoxic drugs in order to see the 
effects of MHC I surface expression. Copper induces an ICD response through reactive 
oxygen species (ROS) and endoplasmic reticulum stress (ER).44 In this study copper could act 
as an enhancer of the ICD response, which in turn would affect MHC I surface expression. 
 
Ten different drugs are used in this study, alone and in combination with copper. Four of 
which are DNA damaging drugs Doxorubicin (Dox), Mitoxantrone (Mito), Cisplatin (Cis) 
and Oxaliplatin (Ox). Three are cyclin-dependent kinase inhibitors: Ribociclib, Abemociclib 
and Palociclib. The last three used are candidate drugs, known as terpyridines, 2,2’:6’,2”-
terpyridine (TER), 4’-(4-Chlorophenyl)-2,2’:6’,2”-terpyridine, 4,4’ (CPT),4”- Tri-ter-butyl-
2,2’:6’,2”-terpyridine (TTBT). Out of all the drugs that were used to test MHC I surface 
expression, cisplatin was the only drug that is known to be a non-ICD inducer.45 All other 
drugs that have been used in this study have been correlated with inducing ICD, or are drug 
candidates that we suspect could induce ICD-related DAMPs.45–50 Mito and Dox were chosen 
because they were two of the first drugs that were shown to induce ICD response.47,48 It also 
should be noted that these two drugs have their own fluorescent properties, which had to be 
taken into consideration when running flow cytometry. Mito has an excitation peak at 610nm 
and 660mn, with an emission maximum at 685nm.51 Dox has an excitation peak at 470nm and 
an emission maximum at 595nm.52 Cis and Ox are platinum-based drugs from the same 
family, but oxaliplatin unlike cisplatin has been shown to induce ICD.45,46 These drugs were 
chosen because it has been shown that platinum based drugs used the same membrane 
receptor as copper to enter the cell as well as being ICD inducers.4348 CDK inhibitors stop 
cyclin-dependent protein kinases from phosphorylating cyclin molecules that regulate the cell 
cycle. All the CDK inhibitors in this study specifically target CDK4/6. CDK inhibitors where 
chosen for this study because they have been proposed to induce anticancer immune 
responses and their mechanisms of action differ from DNA damaging drugs.49,50 Terpyridines 
are candidate drugs and chosen for this study because of their cytotoxic nature and their 
increase solubility when combined with copper and they have been shown to induce ICD-
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related markers in vitro by my colleagues in the lab (unpublished data).  There is a lack of 
studies indicating the exact mechanism of how ICD inducers increase MHC I in vitro. 
 
These different pathways and molecules come together to fight cancerous cells, and yet there 
is a lack of studies looking at the relationship between ICD and MHC I. Therefore, with that 
in mind, this study aimed to examine whether there is any correlation between ICD inducers 
and their ability to alter MHC I surface expression. This experiment is done with cultured cell 
lines and as such will lack the complexity and variability of an in vivo study. Therefore this 
study is looking to see if the different drugs will increase MHC I surface expression resulting 
in a higher susceptibility to an immune response when it is present. The complexity of 
different cancers and how they responded to treatment led us to use both a cold tumour cell 
line (B16.F10) and a hot tumour cell line (CT26) in this experiment. Although there is a lack 
of firm evidence to support the idea that all ICD inducers in this study increase MHC I 
surface expression, there is a suggestion that with higher drug concentrations, around their 
half maximum inhibitory concentration (IC50) values, the drugs could induce a high MHC I 
surface expression in hot tumours.  
 

Aim 
The aim of this study was to see if there was a correlation among immunogenic cell death, 
major histocompatibility complex I and copper sulphate. 
 
Materials and Methods 
Drugs 
DNA damaging drugs: Doxorubicin, Mitoxantrone, Cisplatin and Oxaliplatin. 
Cyclin-dependent Kinase Inhibitors: Ribociclib, Abemociclib and Palociclib. 
Candidate drugs, Terpyridines: 2,2’:6’,2”-terpyridine (TER), 4’-(4-Chlorophenyl)-2,2’:6’,2”-
terpyridine, 4,4’ (CPT),4”- Tri-ter-butyl-2,2’:6’,2”-terpyridine (TTBT). 
 
Cell Culture 
B16.F10 and CT26 are syngeneic to C57BL/6J mice. The cell lines were obtained from the 
American Type Culture Collection (ATCC, Manassas, VA, catalog no. CRL-6475 and CRL-
2638, respectively). B16.F10 was cultured and maintained in Dulbecco’s modified Eagle’s 
Medium supplemented with fetal bovine serum and L-Glutamine (DMEM; 10% FBS and 
2mM L/G) at 37°C and 5% CO2. CT26 was cultured and maintained in RPMI 1640 medium 
supplemented with fetal bovine serum and L-Glutamine (RPMI 1640; 10% FBS and 2mM 
L/G) at 37°C and 5% CO2. Only cells between passage 3 and 20 were used for experimental 
studies. 
 
Quantification of MHC I Expression in Vitro with IFN-γ 
The use of IFN-γ as a positive control for the up-regulation of the expression of MHC I in 
vitro was validated in B16.F10 and CT26, by treating both cell lines with 500 U/ml of murine 
IFN-γ  (Interferon-γ, mouse (mIFN-γ) recombinant (E. coli) – 11276905001) over the three 
time points of 24 hours, 48 hours and 72 hours, in the appropriate cell media. After the cells 
were incubated for their respective time points, cells were harvested and prepared for flow 
cytometry.  Cells were plated in 6 well plates at 600,000 cells/well in 1.5ml of respective 
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media and left for 24 hours. At the 24 hour mark cells were treated with 500µl of 500U/ml of 
IFN-γ, and then left for their respective incubation times.  Media covering the cells was 
removed, placed in labeled 1.5ml microcentrifuge tubes and centrifuged at 1000g for 5 
minutes. The resulting supernatant was removed. The cells in the plates were rinsed with 1ml 
of Hanks’ Salt Balance Solution, which was removed after 2 minutes. Then the cells were 
detached from the plate with 200µl trypsin. After detachment the trypsin was neutralized with 
800µl of DMEM or RPMI 1640 depending on the cell line. The samples were then moved to 
the correct 1.5 ml microcentrifuge tubes and centrifuged at 1000g for 5 minutes. Supernatant 
was removed and the cells were resuspended with 1ml of PBS/FBS (phosphate buffered 
saline with 2% Fetal Bovine Serum). Cell were then counted. After cells were counted, 1 
million cells were allocated to each tube, then centrifuged at 1000g for 5 minutes. Supernatant 
was removed and they were resuspended in 50µl of PBS/FBS. Cells were then treated with 
Purified Rat Anti-Mouse CD16/CD32 (Mouse BD Fc BlockTM) – 553141 1µg/million cells, 
for 5 minutes and then stained with either: MHC Class I (H-2Db) Monoclonal Antibody (28-
14-8), allophycocyanin (APC), eBioscience™- 17-5999-82 or Mouse IgG2a kappa Isotype 
Control (eBM2a), fluorescein isothiocyanate (FITC), eBioscience™, done at 1.2𝜇g/million 
cells. After 30 minutes the samples were centrifuged, the supernatant was removed, then 
resuspended with 1ml of cold PBS/FBS, and the samples that required it were stained with 
1µg/million cells of Propidium Iodide (PI). PI stains only dead cells. The cells were then 
subjected to flow cytometry analysis (FACSComp). The analytical program takes the voltages 
that were captured from the photons striking the forward and side scatter panels in the flow 
cytometry machine to analyze. The values that were taken from the flow cytometry analysis 
were the geometric fluorescent mean (GFM), which is determined by the intensity of the 
photons captured by the flow cytometry machine. The reason the geometric mean was used 
was the large variability in the fluorescent signal. Comparison on the data was done with fold 
increase, which had to be calculated with delta geometric fluorescent mean values (DGFM). 
DGFM is determined by taking geometric fluorescent values of the antibody sample and 
subtracting the isotype geometric fluorescent mean value for that same treatment. Fold 
increase is determined by taking the DGFM of a sample and dividing it by the control DGFM, 
which in this case are the untreated samples.  
 
Cytotoxic Assays  
B16.F10 and CT26 cell lines were treated with various compounds (mentioned in the drugs 
section of materials and methods) at various concentrations over a 48 hour and 72 hour time 
period to evaluate their half maximum inhibitory concentration (IC50) values. The highest 
concentration that was used was 100µM. The stock solution of 100µM was titrated with the 
respective cell line media until it was at the lowest concentration of 0.003125µM. The 
titration was a serial dilution of one half each time. These titrations were used to treat 
individual wells. Cells were initially plated in 384 well plates 1000 cells/well in 50µl, in their 
respective medias. After a 24 hour period, when cells adhered to the plate surface, the cells 
were treated with a cytotoxic drug alone or in combination with copper sulphate, at the 
highest concentrations up to 100µM depending on the drugs that were used and then titrated 
as mentioned above. The treatments were diluted to desired concentrations and added at 
20µl/well, and incubated for 48 or 72 hours. Each well was then stained with 0.5µl Hoechst 
and 0.7µl Ethidium homodimer-I, which enable us to determine cell death. The cells 
incubated at 37°C and 5% CO2 for 20 minutes. The cells were then imaged using the high 



Deryn Ramsey                  ICD, MHC I and Copper: Is this the way forward?                
June 2019 
 
   
 
 

 9 

throughput fluorescent microscopic platform the INCell Analyzer 2.0 and analyzed using the 
Developer Toolbox 1.9 software. This software took the 4 images of each well and 
determined the amount of alive and dead cells, allowing for calculations of viability, and 
determination of IC50 values. 
 
Evaluation of MHC I Expression in Vitro with Cytotoxics 
To analyze what effects certain cytotoxic drugs have on MHC I expression, B16.F10 and 
CT26 cells were treated with different concentrations of cytotoxic drugs, incubated for 48 
hours. Two different concentrations were used for each treatment, which were chosen to be 
lower than the IC50 values determined in the cytotoxic assay. The drugs were administered 
alone or at a 1:1 ratio combination with copper. The process of harvesting and analysing for 
flow cytometry is the same as was described previously in the MHC I surface expression 
assay. The stains for these experiments were: MHC Class I (H-2Db) Monoclonal Antibody 
(28-14-8), phycoerythrin (PE), eBioscience™- 17-5999-82 or Mouse IgG2a kappa Isotype 
Control (eBM2a), PE, eBioscience™. 
 
Results 
Enhancement of MHC I surface expression in two cell lines with treatment of 
interferon-γ 
A MHC I surface expression assay with three different time points was used to determine 
what effects 500U/ml of IFN-γ would have on B16.F10 and CT26 cell lines. The three time 
points of 24, 48 and 72 hours were used for three reasons: to determine if there was time 
dependence with the exposure, to determine if there was potential saturation or degradation 
after a certain time point, and to see which time point, if any, showed the highest fold increase 
compared to cells not treated with IFN-γ. CT26 cells had a greater initial expression of MHC 
I and therefore the stimulation of MHC I with IFN-γ was less substantial than the fold 
increase in B16.F10 cells (Figure 2). Both cell lines showed the greatest fold increase for the 
48 hour exposure time with B16.F10 having a mean fold increase of 1900.3 and CT26 having 
a mean fold increase of 10.79 (Table 1). The fold increase as mentioned in the methods 
section was determined by taking the DGFM of a sample and dividing it by the control 
DGFM, which in this case are the untreated samples which was collected with FACScomp. 
FACScomp is a program that captures the photon emission released by the cells and allows 
for analysis of fluorescent peaks. The 72 hour time exposure shows very similar values to the 
48 hour treatment for both cell lines. Whereas the 24 hour time exposures show the lowest 
expression of MHC I compared to the other two time points. Therefore all experiments going 
forward were done at 48 hour time points.  
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Establishment of MHC I surface expression assay 

 
Figure 2. Use of IFN-γ to determine MHC I surface expression change. B16.F10 and CT26 cells were 
exposed to 500 U/ml of interferon-γ, mouse (mIFN-γ) recombinant (E. coli) for three different time points, these 
treatments were then compared to non-treated cells (Control) from the same time point. Cells were stained with 
MHC Class I (H-2Db) Monoclonal Antibody(28-14-8), APC or Mouse IgG2a kappa Isotype Control (eBM2a), 
FITC. The fold increase of the MHC I surface expression for the treatment for the 48 hour time exposure is 10.8 
for CT26 and 1990.3 for B16.F10. Fold increase is determined by dividing the delta geometric fluorescent mean 
of the treatment by that from the control. Error bars = SEM.  
 
Specific values for MHC I surface expression fold increase data when B16.F10 and 
CT26 were treated with  IFN-γ 
Table 1. Use of IFN-γ to stimulation of MHC I surface expression in CT26 and B16.F10 cell lines.  The 
table contains the delta geometric fluorescent mean (DGFM) value, which is determined by taking geometric 
fluorescent values and subtracting the isotype geometric fluorescent mean value for that same treatment. Fold 
increase is determined by taking the DGFM of a sample and dividing it by the control DGFM, which in this case 
are the untreated samples. Mean viability was taken by average of the viability data of the samples from that 
treatment. N is the number of samples taken for each treatment. Below all treatments is the standard error of the 
mean. 
Treatment 
Exposure 
time 
(Hours) 

B16.F10 CT26 
Delta 
Geometric 
Fluorescent 
Mean 

Fold 
Increase 

Mean 
Viability 

N Delta 
Geometric 
Fluorescent 
Mean 

Fold 
Increase 

Mean 
Viability 

N 

24 
(Control) 

1.11 1 92.4 1 384.9 1 72.8 1 

24  501.75 
(± 23.60) 

452.03 
(± 21.26) 

95.9 
(±0.48) 

4 1490  
(±40.05) 

3.87 
(± 0.10) 

83.6 
(± 0.81) 

3 

48 
(Control) 

1.07 1 89.9 1 112.6 1 90.5 1 

48 2129.6  
(± 142.57) 

1990.28 
(±133.25) 

93.2 
(± 0.35) 

5 1216  
(± 91.42) 

10.80  
(± 0.81) 

91.67 
(±2.22) 

3 

72 
(Control) 

1.31 1 93 1 243.5 1 90.6 1 

72 2178.4 
(± 61.13) 

1662.90 
(±46.66) 

92.5 
(± 2.50) 

5 2238.6 
(± 20.68) 

9.19 
(± 0.08) 

90.3 
(± 0.55) 

5 
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Determination of IC50 values through cytotoxic assays 
A cytotoxic assay was performed in order to determine the viability of the cells at different 
concentrations. The determination of the viability is important because viable cells are 
required for the experiment in which we test to see if the drugs can in an increase in MHC I 
surface expression. for each of the ten drugs used in this study on both cell lines. IC50 values 
for the following drugs were determined: Doxorubicin (Dox), Mitoxantrone 
(Mito),yOxilaplatin (Ox), Cisplatin (Cis), 2,2’:6’,2”-terpyridine (TER), 4’-(4-Chlorophenyl)-
2,2’:6’,2”-terpyridine, 4,4’ (CPT), 4”- Tri-ter-butyl-2,2’:6’,2”-terpyridine (TTBT), Ribociclib 
(Rib), Palbociclib (Pal) and Abemaciclib (Abe). Determination of the IC50 values was to 
ensure the drug concentrations used to treat the cells for the MHC I surface expression assay 
did not cause more than 50% of the cells to die. The incubation period for the cytotoxic assays 
were 48 hours and 72 hours. The 72 hour time point was used as a control, because these 72 
hours values had been run before and we were able to determine if the experiment was 
running as expected (data not shown). The IC50 value for Cis, Mito, and the terpyridines were 
taken from data provided by a colleague, Devon Heroux. Heroux ran cytotoxic data assays on 
CT26 cells at 24 hours and 72 hours, therefore the 48-hour IC50 value was extrapolated from 
between the 24 hour and the 72 hour IC50 values. Cytotoxic assays for Rib, Pal and Abe for 
B16.F10 were only completed for 72 hours.  
 
Specific values for cytotoxic assays for both B16.F10 and CT26 cell lines 
Table 2. IC50 values for B16.F10 and CT26. All data measurements of 24 hours was provided by Devon 
Heroux. All other measurements provided by him are indicated by an *. A dash indicates no data was available 
for that particular value. N/A found for the treatment of CT26-24 hours with TER is because no IC50 was 
achieved. 
 

Dox Mito Ox Cis TER CPT TTBT Rib Pal Abe 
B16.F10 
IC50 (µM) 
72 hours 

0.0062 
 

0.156 - - - - 16 3.125 3.125 

B16.F10 
IC50 (µM) 
48 hours 

0.750 - 0.1875 - - - - - - - 

B16.F10 
IC50 (µM) 
24 hours 

- - - - - - - - - - 

CT26  
IC50 (µM) 
72 hours 

0.167 0.0185* 1.25 1.25* 0.20* 0.20* 4* 25 4.68 16.67 

CT26  
IC50 (µM) 
48 hours 

12.5 0.086 1.00 3.75 0.55* 0.25* 7* 50 4.68 18.75 

CT26  
IC50 (µM) 
24 hours 

- 0.3125* - 6.25* N/A* 10* 9* - - - 
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Use of cytotoxic drugs to alter MHC class I surface expression in B16.F10 and CT26 in 
vitro 
The effect of cytotoxic drugs on the MHC class I surface expression varied depending on the 
cell line and the drug treatment. The cytotoxicity of the drugs had been determined previously 
in the IC50 cytotoxic assays. IFN-γ was used as a positive control.This experiment was done in 
order to determine if the cytotoxic drugs would alter the MHC I surface expression. There 
were two different sets of concentrations used, alone and in combination with copper, for both 
cell lines in this experiment. The different concentrations were used in order to observe the 
effect of the drugs on MHC I surface expression. As well, the ‘lower’ concentration was used 
so a comparison could be made between the lower concentrations with copper and the higher 
concentrations without copper. A comparison between the lower concentrations with copper 
and the higher concentrations without copper were of interest if there was any notice different 
to the MHC I surface expression when copper was used, however, there was not. The 
expression of MHC I was increased to a higher degree in CT26 cell lines when certain (Mito, 
CPT) drugs were used when compared to B16.F10. The combination of the drugs with copper 
sulphate did not have a large variable impact on the expression of MHC class I surface 
expression when compared to drug treatments on their own. All these drugs, with the 
exception of Cis, have been correlated to inducing ICD. Of these drugs Mito and CPT showed 
the highest fold increase with both cell lines (figure 3, A and B). Dox also showed a large 
increase in the B16.F10 cell line, where it did not in CT26.  
 
Fold increase summary of the different drugs used in experiments for CT26 and 
B16.F10 

 



Deryn Ramsey                  ICD, MHC I and Copper: Is this the way forward?                
June 2019 
 
   
 
 

 13 

 
Figure 3. Fold increase summary of the delta geometric fluorescent mean of different drugs used in 
experiments for CT26 and B16.F10. Fold increase was determined by delta geometric fluorescent mean 
treatment divided by the control values. A) is the fold increase graph of CT26 with and without copper present. 
B) is the fold increase graph of B16.F10 with and without copper present. Two sets of concentrations were used 
when treating the cell lines with the different drugs. Concentrations presented in this figure are those of the 
higher concentration, as there is greater variability to see. The values used for B16.F10 with the drug treatment 
TTBT are the lower concentration values because of experimental error with the higher concentrations. Drugs 
used: Doxorubicin (Dox), Mitoxantrone (Mito), Oxilaplatin (Ox), Cisplatin (Cis), 2,2’:6’,2”-terpyridine (TER), 
4’-(4-Chlorophenyl)-2,2’:6’,2”-terpyridine, 4,4’ (CPT),4”- Tri-Ter-Butyl-2,2’:6’,2”-terpyridine (TTBT), 
Ribociclib (Rib), Palbociclib (Pal) and Abemaciclib (Abe). Delta geometric fluorescent mean is taken from 
subtracting the geometric fluorescent mean of isotype stain from the geometric fluorescent mean of the antibody 
stain. The blue bar represents the control level across all treatments. Error bars= SEM 
 
The increase of MHC I surface expression by CPT and Mito were comparable to the increase 
caused by the positive control for CT26, interferon-γ  (table 3). The largest MHC I surface 
expression fold increase for B16.F10 occurred when treated with Dox, Mito and CPT, but the 
increase was not as large as the increase of MHC I surface expression when treated with IFN-
γ, the positive control. For the B16.F10 cell lines data, CPT combined with copper are 
missing because of a problem with the isotype control for that sample and therefore the data 
was unable to be processed. These results show the levels of MHC I are increased to a higher 
extent in CT26 cells when treated with CPT and Mito compared the B16.F10 cell line.  
 
Specific values of treatments represented in Figure 3 
Table 3. Delta geometric fluorescent mean fold increase for B16.F10 and CT26, alone and in combination 
with copper sulphate. Values come from higher concentration treatments, lower concentrations are found in 
supplemental material. All samples are N=3 except for Terpyridines treatments that were not combined with 
copper sulphate in which case they are N=2. 
Mean 
Fold 
increas
e 

Drugs (µM) 

Cell 
line 

Ct
l 

IFN-γ 
 

Dox 
0.1  

Mito 
0.1 

Ox 
0.25 

Cis 
0.25 

TER 
0.25 

CPT 
0.25 

TTB
T 
0.62
5 

Rib 
0.75 

Pal 
0.75 

Abe 
0.75 

B16.F1
0 

1 320.26
3 
 

4.00
1 

4.214 0.94
8 
 

1.21
2 
 

1.59
6 
 

6.46
5 

0.84
6 

0.68
0 
 

0.75
8 
 

1.12
6 

SEM 
 

71.773 0.54
3 

0.589 0.06
2 

0.08
5 

0.04
9 

0.28
9 

0.08
6 

0.06
8 

0.04
1 

0.23
4 

B16.F1
0 
+CuSO
4 

1 - 5.14
5 

4.121 1.41
9 
 

1.38
2 
 

1.46
6 

- 0.70
4 

0.71
7 
 

0.86
9 
 

0.78
4 

SEM 
 

- 0.21
8 

0.359 0.06
4 

0.00
8 

0.10
1 

- 0.05
7 

0.03
8 

0.04
3 

0.04
9 

CT26 1 7.546 
 

1.46
3 

14.93
9 

1.09
0 
 

1.54
3 
 

2.51 8.59
3 

1.25
8 

0.70
3 
 

0.93
5 

1.19
0 
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SEM 
 

1.786 0.02
1 

0.308 0.02
8 

0.01
3 

0.11
0 

0.04
2 

0.00
1 

0.03
1 

0.05
5 

0.06
1 

CT26  
+CuSO
4 

1 - 1.38
9 

17.75
7 

1.21
8 

1.48
3 

 

2.47
3 

8.39
8 

1.45
7 

1.35
6 

1.41
0 

1.63
5 

SEM 
 

- 0.00
6 

0.605 0.02
3 

0.01
3 

0.02
5 

0.50
8 

0.03
4 

0.07
9 

0.12
0 

0.00
2 

 

Discussion 
ICD and MHC I have related pathways. Both mechanisms share certain immunogenic 
molecules, such as IFN-γ, and play a role in the adaptive immune response. However, the 
correlation between the two pathways still remains elusive. Although the results of this study 
do not identify a correlation between ICD inducers (Dox, Mito, Ox, Cis, TER, CPT, TTBT, 
Pal, Rib and Abm) and an increase in MHC I, there are many points of interest that will lead 
to further studies.  
 
The MHC I surface expression assay with IFN-γ showed there was variability in MHC I 
surface expression between the two cell lines. The variability was determined by comparing 
the fold increase of the different time points between the two cell lines. B16.F10 had a greater 
fold increase for all time exposures compared to CT26. The difference in the fold increase 
comes from the basal expression of MHC I on the cells surface and the ability of IFN-γ to 
stimulate MHC I surface expression.30,31,34 As mentioned previously the two cell lines that 
were used in this study are categorized into two different groups. B16.F10 is considered a 
cold tumour cell line and CT26 is considered a hot tumour cell line.30,31 The classification 
depends on the amount of T-cell infiltration (immune cells) and immune signalling at the 
tumour site.23 Although there are no intact tumours used in these experiments the 
classification of the two cell lines holds true. In treating both cell lines with IFN-γ there is an 
increase in MHC I surface expression. The classification holds true because there is a 
difference in behaviour (ie. MHC I surface expression) and receptiveness of the different cell 
lines to IFN-γ treatment. The classification is further supported later in the discussion with 
how the cell line responses to drug treatments. The data from the MHC I surface expression 
assay supports the idea that cold tumour cell lines have a lower surface expression of MHC I 
and as a result when immune cells are present will have a low T-cell infiltration this is the 
opposite in hot tumour cell lines. B16.F10 having a lower expression of MHC I on their 
surface means that when the pathway is stimulated with IFN-γ there will have a higher 
increase in the surface expression because the cells are not already saturated with MHC I 
surface expression. Both cell lines were only treated with one concentration of IFN-γ 
(500U/ml), at three time points. We were able to see there was some decrease in MHC I 
surface expression between the 48 hour and the 72 hour point (Figure 2, supplemental data). 
The 48 hour treatment had the largest fold increase for both treatments and was therefore used 
as the standard time point for following experiments. IFN-γ was used as a positive control. To 
further the study and fully understand the potential saturation or degenerative properties of 
IFN-γ on the two cell lines, a larger assay should be run with more time points. To better 
understand the potential toxicity of IFN-γ, I would recommend concentration assays be done 
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with IFN-γ, as they were not done for this experiment. IFN-γ was not run in combination with 
copper sulphate during this experiment and for completeness should be run in the future.  
 
To process the cells in flow cytometry there is a requirement of live cells. Performing 
cytotoxic assays showed cell viability and determined IC50 values (Table 2). The cytotoxic 
assays done on the B16.F10 cell line with the CDK inhibitors only had the 72 hour time point 
due to issues with the control in the 48 hour time point, therefore, the data was not usable. 
There were also cytotoxic assays missing for B16.F10 cell line because of time constraints. 
When data was missing for B16.F10 cytotoxic assays, CT26 assay values were considered in 
its place. It is clear the use of CT26 assay values in the place of B16.F10 will not be accurate 
for IC50 values. 
 
The mechanisms the drugs activate and the mechanisms copper activates are important to 
consider. As mentioned previously the drugs in this study induce a response by either binding 
to DNA and damaging it or inhibiting the cell cycle. There are a lack of studies on how the 
drugs affect the mechanism of MHC I expression. However, we saw with some of the drugs 
(Mito and CPT) there was an increase in the surface expression of MHC I. This increase 
could help convert cold tumours into hot tumours by making them more recognizable by the 
immune system and ultimately increasing the T-cell infiltration into the tumour site. The in 
vitro experiment limits our ability to understand exactly how and ICD immune response could 
affect MHC I surface expression, but having the drugs increase the MHC I surface expression 
does indicate the cells will be more susceptible to the immune cells when they are present. 
There is also a possibility the induction of ICD, with the release of IFN-γ in the later stages, 
will also increase MHC I surface expression more fully. Copper has been shown to produce 
reactive oxygen species (ROS) and causes stress to the endoplasmic reticulum (ER), two 
things that have been associated with inducing an ICD response.44,53 The use of copper could 
help enhance the induction of ICD and therefore result in a more potent surface expression of 
MHC I. Both the drug and copper treatments activate important mechanisms for inducing an 
adaptive immune response. 
 
With the CT26 cell line we were able to see that drug treatments with Mito and CPT caused a 
large increase in MHC I surface expression, which was comparable to the levels of increase 
seen when the cell line were treated with IFN-γ, the positive control. In the B16.F10 cell line, 
drugs such as CPT, Mito and Dox caused a large increase compared to the untreated cells, 
however, the level of increase was not comparable to that seen when the cells were treated 
with IFN-γ. The diversity of the MHC I levels in the two cell lines emphasized the fact that 
CT26 is considered a hot tumour cell line and B16.F10 is considered a cold tumour cell line. 
The difference between the cell lines in response to the different drugs highlights the 
difference in the cell lines intrinsic immune nature. There is a lack of microenvironment in 
cell lines but this study shows understanding the microenvironment will be fundamental for 
successful treatments. The differing responses of the cell lines, helps demonstrate the 
necessity of evaluating the tumour microenvironment in order to optimize treatments in 
patients.  
 
The lack of increase in MHC I surface expression seen with the CDK inhibitors, terpyridines, 
cisplatin and oxaliplatin treatments does not disprove connection between these ICD inducers 
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and MHC I expression. The lack of MHC I response could be due to the low concentration of 
the drugs, which might have caused a lack of effect on the cells. Drug concentrations were 
chosen to be below IC50 values to ensure there were enough viable cells to run flow 
cytometry. Cells treated with drugs closer to their IC50 values had a noticeable increase in 
MHC I surface expression. The MHC I surface expression cytotoxic assay show that cells 
require a high minimum concentration to affect the surviving cells. Showalter et al., reviewed 
many papers looking at ICD inducing drugs, such as Ox and Dox, and found dosing 
concentrations needed to be much higher to elicit an ICD response than an apoptotic 
response.54 Therefore some of the doses used in this experiment were most likely insufficient 
to induce an ICD response, causing an inability to look at the relationship between ICD 
inducers and MHC I surface expression. To see changes in the expression of MHC I surface 
expression, it could also require a certain level of cytotoxicity to elicit a response.54 
Therefore, the levels of cytotoxicity might not be at a high enough to cause an increase in 
MHC I response. When drugs were combined with copper sulphate there was little difference 
in the expression of MHC I on the surface of the cell. Again, the lack of impact could be due 
to the fact that copper concentrations were 1:1 ratio with the drug treatments therefore the 
concentrations were low. This theory could potentially be ruled out due to the fact that when 
the higher concentrations were used (figure 3) there was still not a large difference. The lack 
of impact could also be because this study is solely in vitro, and therefore we were unable to 
see the full extent at which copper sulphate acts. The lack of increase in MHC I surface 
expression when treated with CDK inhibitors could be due to the 48 hours time exposure. For 
CDK inhibitors this may not have been sufficient time for proper incorporation and therefore 
alter the expression of MHC I.  
 
These results show there is a difference in how the two cell lines respond to the treatments. It 
indicates there is a possibility when drugs are treated closer to their IC50 values they may 
cause an increase in MHC I surface expression. These results indicate with the use of these 
drugs they will be more susceptible to an immune response which ICD inducer will activate. 
 
ANOVA statistics were run to compare all drug treatments to the untreated cells and most 
were found to be statistically significant for CT26 cell line. However, the clinical relevance of 
the data was lacking and as a result the statistics are devoid of any meaningful interpretation.   
 
Conclusion 
This study was inconclusive in exploring whether a correlation exists between ICD inducers 
and MHC I surface expression. However, when looking at the drugs that were treated at 
concentrations of approximately IC50 for CT26 cell lines, we were able to see that there was a 
large increase in the MHC I surface expression. This indicates that we should run these drugs 
at higher concentrations closer to their IC50 values. Dosing at higher concentrations ties back 
to the review done by Showalter et al., and the requirement of higher concentrations to elicit 
an ICD response over an apoptotic response.54 Also of note are the different responses 
between the two cell lines and the different drug treatments. There was a large increase in 
MHC I in CT26 when treated with CPT and Mito. Similar increase was seen in B16.F10 cell 
line with CPT, Mito, and Dox. The drug treatments for B16.F10 elicited a much lower 
response of MHC I when compared to the positive control, IFN-γ. This means for cold 
tumour cell line it is likely that the concentrations of the drugs must be much higher for 
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treatment purposes to elicit a response and could have serious cytotoxic consequences. 
Although there is no evidence for a correlation between ICD inducers and an increase of 
MHC I surface expression, there is enough indication from the data that a correlation may be 
established for certain cell lines. The data also indicates Mito and CPT tests should be run an 
in vitro study with immune cells present or in vivo to determine how the induction of the 
immune response affects the cells.  
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Figure 2. B16.F10 and CT26 cells were exposed to 500 U/ml of interferon-γ, mouse (mIFN-γ) recombinant (E. 
coli) for three different time points, these treatments were then compared to non-treated cells (Control) from the 
same time point. Cells were stained with MHC Class I (H-2Db) Monoclonal Antibody(28-14-8), APC or Mouse 
IgG2a kappa Isotype Control (eBM2a), FITC. The fold increase of the MHC I surface expression for the 
treatment for the 48 hour time exposure is 10.8 for CT26 and 1990.3 for B16.F10. Fold increase is determined 
by dividing the delta geometric fluorescent mean of the treatment by that from the control. Error bars = SEM.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4. Delta geometric fluorescent mean fold increase for B16.F10 and CT26, alone and in combination with 
copper sulphate. Values come from lower concentration treatments. All samples are N=3 except for Terpyridines 
treatments that were not combined with copper sulphate in which case they are N=2. 
Mean 
Fold 
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