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Ever since deDuve discovered the lysosome [1], its 
potential for causing cell death has been recognized [2,3]. 
We have recently suggested that the lysosome may be the 
Achilles’ Heel of Cancer – by way of its crucial role in 
initiating selective tumor cell death [4]. Lysosome-Induced 
Immunogenic Cell Death (LIICD) is a cascade of events 
that begins when immune cells, specifically macrophages 
and NK cells, release a respiratory burst of superoxide and 
produce cytokines involved in anti-tumor T-cell activity. 
These cytokines include TNF-alpha and IL-2 [5-9]. Reactive 
oxygen species (ROS) are highly reactive, unstable, and 
short-lived molecules of oxygen that include peroxides, 
superoxide, and hydroxyl radicals. When ROS interacts 
with low density lipoprotein (LDL), an oxidized LDL (ox-
LDL) is created as an oxidation product. We have shown 
in earlier studies that treatment with TNF-alpha and IL-2 in 
animals and in patients results in higher levels of oxidized 
low-density lipoprotein in the plasma [8]. There is a direct 
connection between ox-LDL and apoptotic cell death 
[10,11]. We have also shown that when cultured cells are 
treated with bovine xanthine oxidase and hypoxanthine, 
lysosome-induced immunogenic cell death is initiated as 
evidenced by the appearance of the well-established markers 
of immunogenic cell death. Namely, these hallmark signs 
include extracellular ATP, HMGB-1 and ecto-calreticulin 
[12]. The induction of immunogenic cell death under these 
circumstances is presumed to result from ox-LDL [13].

Studies show evidence of ROS production during 
immune surveillance, a monitoring process of the immune 
system to identify and destroy virally-infected and 
malignantly transformed cells [14,15]. ROS has many 
physiologic and pathologic functions, but here we focus 
on their role in immune surveillance and LIICD. Several 
reports show that the plasma of patients with cancer have 
more oxidized lipids than control subjects. Specifically, ox-
LDL is found in plasma at substantially higher levels than 
controls in subjects with breast, prostate, ovarian, colon 
and other cancers than controls [9,16-19]. We have shown 
that subjects with breast cancer had more ox-LDL than 
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controls [9]. Rapidly growing cancer cells have a much 
higher requirement for cholesterol than benign cells. This is 
reflected by a higher level of LDL receptors on the surface 
of cancer cells, including breast cancer, colorectal cancer, 
and glioblastoma cells [16,17,20,21]. We have shown 
that ox-LDL is taken up through the LDL receptor and is 
incorporated into the lysosomes of cells [10]. In patients 
and animals, the visualization of ox-LDL reflects ongoing 
immune surveillance (Figure 1).

Further evidence of the role of ox-LDL in immune 
surveillance is found in three large placebo-controlled studies 
showing that the use of antioxidants in at-risk populations 
raised cancer incidence significantly. The findings suggest 
that eradicating ROS hinders cancer cell killing. In the first 
of these studies, Vitamin E and Beta Carotene were given 
to male smokers with the hypothesis that these antioxidants 
would prevent cancer occurrence. The research team found 
that, contrary to their hypothesis, there was an 18% increase 
of cancer incidence in the group receiving antioxidants 
(n=7282) compared to placebo (n=7287) (p=0.01). Average 
follow up was 6.1 years [22]. In the second study, antioxidants 
Vitamin A and Beta Carotene (n=9420) or placebo (n=8894) 
were given to subjects exposed to asbestos and subjects who 
were heavy smokers. With 73,137 person-years of follow-up 
there was a 28% increased incidence of lung cancer in the 
group receiving antioxidants compared to the placebo group 
(p=0.02) [23]. Finally, In the third study, Vitamin E was given 

to men and incidence of prostate cancer was observed. The 
result was not statistically significant when the monitoring 
group stopped the trial (p=0.06). In continued follow-up for 
approximately three years, the group receiving antioxidants 
(n=8,737) had a 17% increased incidence of prostate cancer 
compared to the group receiving placebo (n=8,696) which 
was statistically significant (p=0.02) [24]. 

The results of these three antioxidant studies can be 
understood through the paradigm of tumor development and 
surveillance described by Dunn et al. That is, early in tumor 
development the immune system can kill most malignant 
cells through immune surveillance. Dunn et al. proposed 
that this process can be characterized into three stages: 
elimination, equilibrium, and escape [25]. In the elimination 
stage, the tumor burden is controlled. This is in part due 
to high ROS levels. In contrast, equilibrium takes place in 
an environment of intermediate levels of ROS and medium 
cell growth. In escape, tumor cells proliferate unchecked 
by the immune system and ROS in the environment is low 
(Figure 2). 

The addition of antioxidants in the cited studies suppress 
elimination and equilibrium and tipped the balance in favor 
of escape (Figure 3). Antioxidants such as Vitamin E, Beta 
Carotene and Vitamin A interact with free radicals such as 
ROS and inactivate them. These results strongly suggest that 
ROS plays a key role in the natural defense against tumor 
development. 

Figure 1: Susceptibility of cancer cells to reactive oxygen species (ROS)-mediated lysosome-induced immunogenic cell death 
(LIICD). LDL is taken up by LDL receptors on the cancer cell surface. Malignant cells have substantially more LDL receptors 
than normal cells [16,17,20,21].
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Treatment modalities are surfacing that take advantage of 
the susceptibility of cancer cells to reactive oxygen species. 
For example, statins are agents known to upregulate the LDL 
receptor which have been shown to improve outcomes in 
clinical trials of a variety of cancer therapies. The upregulation 
of the LDL receptor helps sensitize cancer cells more fully to 
local upregulation of ROS. Dietary polyunsaturated fatty acids 
have also been shown to improve outcomes in clinical trials 
against cancer when combined with a variety of cytotoxic 
agents because these fatty acids are effective enabling lipid 
peroxidation in the tumor microenvironment [26,27]. 

 The role of ROS in cancer cell death and the role of 
lysosomal leakage in immunogenic cell death, can and 
should be more directly linked via the concept of LIICD [4]. 
Growing awareness of ROS and the lysosome for mediating 
cancer cell death can lead to the development of new cancer 
therapies. Selectively producing superoxide in the tumor 
micro-environment and not elsewhere could be an important 
step in the treatment of cancer.
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