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Abstract:  15 

Background: Non-professional phagocytosis is usually triggered by stimuli such as necrotic cell death. 16 
In tumor therapy, the tumors often disappear slowly and only long time after the end of therapy. Here, 17 
tumor therapy inactivates the cells by inducing senescence. Therefore, study focused whether 18 
senescence is a stimulus for non-professional phagocytosis or whether senescent cells themselves 19 
phagocytize non-professionally.  20 

Results: Senescence was induced in cell lines by camptothecin and a phagocytosis assay was performed. 21 
In tissue of a cohort of 192 rectal cancer patients senescence and non-professional phagocytosis was 22 
studied by anti-histone H3K9me3 and anti-E-cadherin staining. Senescent fibroblasts and pancreas 23 
carcinoma cells phagocytize necrotic cells but are not phagocytized. In the tissue of rectal carcinoma, 24 
senescent cells can phagocytize and can be phagocytized. A high number of senescent cells and, at the 25 
same time, high numbers of non-professional phagocytizing cells in the rectal carcinoma tissue lead to 26 
an extremely unfavorable prognosis regarding overall survival.  27 

Conclusion: Senescent cells can be non-professionally phagocytized and at the same time they can non-28 
professionally phagocytize in vivo. In vitro experiments indicate that it is unlikely that senescence is a 29 
strong trigger for non-professional phagocytosis. Combined high rates of non-professional 30 
phagocytosis and high rates of senescence are an extremely poor prognostic factor for overall survival. 31 

 32 

Keywords: cell-in-cell, non-professional phagocytosis, senescence, cannibalism, entosis, rectal cancer, 33 
camptothecin, prognostic factor and survival.  34 
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Introduction 35 

Radiation therapy of cancer achieves its therapeutic effect through the induction of different types of 36 
cell death. The predominant types of cell death are apoptosis and necrosis, which are also the most 37 
widely discussed types of cell death recognized in current morphological nomenclature (1). Apoptotic 38 
and necrotic cell death as well as most other kinds of cell death mostly lead to a rapid elimination of cell 39 
remnants. In striking contrast, however, it is well known from radiotherapy that most malignancies do 40 
not resolve during multi-week fractionated radiation treatment. Indeed, most malignancies require 41 
several weeks after the end of treatment to show volumetric tumor regression in clinical and imaging 42 
assessment (2, 3). In rectal cancer for example, Habr-Gama et al. found a median time interval of 18.7 43 
weeks from completion of radiotherapy to complete endoscopic clinical response (4). An alternative 44 
pathway to tumor reduction is not inducing cell death but non-proliferative cells by induction of so 45 
called premature senescence (5). It means that cancer cells initiate a programmed sequence of events 46 
leading to a phenotype of a stable and long-term loss of proliferative capacity, despite continued 47 
viability and metabolic activity (6). Changes observed in senescent cells include the activation of the 48 
tumor suppressor network, morphological changes, altered chromatin structure and an altered 49 
spectrum of secreted factors (7, 8). Cancer therapy and especially radiochemotherapy usually causes 50 
senescence (9-11). 51 

Senescent cells thus could be the reason for the delayed removal of cancer cells after RT. Senescent cells 52 
cause a pro-inflammatory response known as senescence-associated secretory phenotype (SASP) (12, 53 
13). This inflammation may clear the senescent cells by immune-mediated phagocytosis (14, 15). 54 
Another option to clear cells is the phagocytosis by non-professional phagocytes. It was shown that 55 
various normal tissue cells (16-19) and cancer cells (20-25) have the capability to engulf apoptotic, 56 
autophagic or necrotic cells. This leads to a cell-in-cell (CIC) phenotype and a subsequent digestion of 57 
the phagocytized cells. In cancers the frequently observed phenomenon of cell-in-cell structures by non-58 
professional phagocytosis has also been referred to as “cell cannibalism” and describes the uptake and 59 
elimination of malignant cells by other cancer cells. Cell cannibalism is a very frequent finding in cancer 60 
(22, 26). A so far not resolved question is whether senescent cells are cleared by non-professional 61 
phagocytes and if the increase of cell-in-cell structures and senescence in pathologic specimens are 62 
somehow related. 63 

This study investigated the ability of a pancreatic carcinoma cell line and two primary fibroblast cell 64 
lines to act as non-professional phagocytes. It was studied whether senescent cells are preferred targets 65 
of non-professional phagocytosis or entotic cell death. In addition, using histologic samples from rectal 66 
cancer patients obtained prior to and after radiochemotherapy, the prevalence and prognostic 67 
significance of non-professional phagocytosis in rectal cancer as well as the association between tumor 68 
cell senescence and cell-in-cell structure formation were studied.  69 
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Results 70 

Non-professional phagocytosis 71 

Dead cells induced by heat were non-professionally phagocytized by living BEAS2B cells. Cell death 72 
was induced by overheating to 56°C for 45 min (Figure 1 A). The living cells adhered to the dead cells 73 
and phagocytized them within two to 10 hours (Figure 1 B). Phagocytotic rates ranged from less than 74 
0.65% to 11.5%. Normal tissue cell lines (mean value 5.6%) phagocytized more than tumor cell lines 75 
(1.2%) (p=0.001) (Figure 1 C). In the process of phagocytosis, the overheated cell was completely 76 
engulfed by the living cell (Figure 1 D, E). 77 

 78 

 79 

Figure 1: Heat-treated cells (56°C, 45min) were engulfed by non-professional phagocytes. Heat-treated cells stained 80 
red with CTFR and living cells stained green with CTOG. Nuclei stained blue with DAPI. (A) Normal lung tissue 81 
fibroblasts BEAS2B. (B) Different phases of cell attachment during phagocytosis in BEAS2B lung fibroblasts. (C) 82 
Cell-in-cell rates in different primary fibroblasts and tumor cell lines. Z-stack images were acquired by optical 83 
sectioning of 60 images. Image planes of the X, Y and Z plane are included. (D) BEAS2B lung fibroblasts and (E) 84 
SBLF-4 primary fibroblast. Instead of the CTOG staining the α-tubulin staining was used. Scale bars: 10μm. 85 

Senescence in tumor and normal-tissue cell lines 86 

The aim was to study whether senescence is a trigger for non-professional phagocytosis observed for 87 
heat-induced cell death and whether senescent cells are being phagocytized by non-senescent cells. The 88 
chemotherapeutic agent camptothecin (CPT) was used to trigger senescence in BxPc3 cells. After three 89 
days of incubation with 120nM or 200nM CPT cells were assessed for senescence induction by detection 90 
of HMGA2 and H3K9me3 heterochromatic foci formation, flow cytometric β-galactosidase staining as 91 
well as the estimation of the nuclear size in both axes. A clear change of the staining pattern (Figure 2A) 92 
and a distinct increase in nuclear size in both axes (Figure 2 B) was detected. 93 
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  94 

 95 

Figure 2: (A) Immunofluorescence staining of the senescence markers HMGA2 and H3K9me3 in red without and 96 
after treatment with camptothecin (CPT) 120 nM and 200 nM for senescence induction in pancreas carcinoma cells. 97 
The cell nuclei were stained with DAPI (blue). Scale bar 10 μm. (B) Cell nucleus length and width of BxPc3 cells 98 
after CPT treatment. (C) C12FDG β-galactosidase activity in untreated and 120nM treated BxPc3 cells. (D) Activity 99 
of the acidic β-galactosidase in pancreas carcinoma cells after CPT treatment on days 5, 6 and 7 using flow 100 
cytometry. The graphs represent the mean values from three independent experiments ± standard deviation, p-101 
values: * ˂ 0.05, ** ˂ 0.01, *** ˂ 0.001. (E) Flow cytometric determination of the amount of Annexin-/7AAD- (living 102 
cells) compared to all others (dead cells) 7 days after 120nM camptothecin treatment. p-values: ** ˂ 0.01, *** ˂ 0.001 103 

Additional the β-galactosidase activity was analyzed and a distinct increase up to day six by 120nM 104 
CPT was found (p<0.05) (Figure 2C, D). Thus the 120nM CPT was used for further experiments. Cells 105 
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with a high percentage of senescent cells on day 7 also had increased levels of Annexin 7AAD positivity 106 
(Figure 2 E). 107 

Association of cell-in-cell structure formation and senescence in tumor and normal-tissue cell lines 108 

Immunostaining was used to study non-professional phagocytosis of the three cell lines. Cells were 109 
either stained green or red by fluorescent live-cell probes (Figure 3 A-C). 110 

  111 

Figure 3: Representative microscopic images of typical cell-in-cell structures in phagocytosis experiments with (A, 112 
D) pancreas carcinoma cell line (BxPC-3) and fibroblast cell lines (B, E) (SBLF-7) and (C, F) (SBLF-4). Vviable CTOG-113 
stained (green) cell, which completely encloses a hyperthermia-damaged, CTFR-stained (red) cell (A-C). Senescent 114 
H3K9me3-stained (red) cells that completely enclose a hyperthermia-damaged CTOG-stained (green) cell (D-F). 115 
Cell nuclei were stained with DAPI (blue). Scale bars 10 μm (40x objective). In bar charts (G), (H) and (J) the cell-116 
in-cell rates occurring in the respective cell lines on the left were shown for different combinations of senescent, 117 
living and heat-treated dead cells as indicated. 118 
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Red stained cells were heated to 56°C to induce necrotic cell death. After co-cultivating both viable green 119 
and dead red cells, the viable cells phagocytized the necrotic cells at an average rate of 1.1% (Figure 3 120 
G-J). If both red cells and viable cells were not heated these events were very rare (<0.06%). Next, vital 121 
green cells were co-incubated with CPT treated senescent cells. To identify senescent cells, H3K9me3 122 
antibodies were used and only positive cells were analyzed (Figure 3 D-F). No events were observed 123 
suggesting that cells with signs of premature senescence are not phagocytized by viable cells in vivo. 124 
Then senescent cells were co-incubated with necrotic cells and a similar high frequency of phagocytic 125 
event as for the viable cells (0.95%) was found (Figure 3 G-J). 126 

Cell-in-cell structures in clinical rectal cancer tissue samples 127 

The frequency and prognostic relevance of cell-in-cell structures and senescent cells was studied in a 128 
rectal cancer cohort that was treated with neoadjuvant radiochemotherapy (RCT). A total of 96 patients 129 
with Tissue Micro Array (TMA) samples of tumor biopsy (“biopsy”), obtained during pretreatment 130 
endoscopy, were analyzed. In addition, TMA samples from the resected tumor at 6 weeks post-RCT 131 
were used for analysis. TMAs from these surgical specimens were available in 146 patients from the 132 
tumor core “central tumor”, in 97 patients in the tumor invasion zone (“invasive front”) and in 167 133 
patients in surrounding normal tissue (“normal tissue”). The clinical and histological characteristics of 134 
the cohort are given in Table 1. Patients having pre-RCT biopsies, had a 5-year overall survival of 69.8%, 135 
a metastasis-free survival of 64.5% and a local recurrence-free survival of 70.1%, respectively (Figure 136 
4A). Post-RCT patients had a 5-year overall survival of 67.8%, a metastasis-free survival of 57.8% and a 137 
local recurrence-free survival of 61.1%, respectively (Figure 4B). All TMAs were stained by antibodies, 138 
for anti-H3K9me3 (blue, nuclear) to detect senescent cells and for anti-E-Cadherin (red, membranous) 139 
to detect cell-in-cell structures (Figure 4C, D). 140 

  141 

Figure 4: Kaplan Meier plots for overall survival, metastasis free survival and local recurrence-free survival for the 142 
cohort of patients (A) of which tissue micro arrays from pretherapeutic biopsies and (B) of post-RCT tumor 143 
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resection were available. (C) Example of a micro array spot of rectal carcinoma tissue with a diameter of 2 mm that 144 
was immunohistochemically double stained by nuclear anti-H3K9me3 (blue, senescent) and anti-E-Cadherin (red 145 
membranous). Arrows indicating cell-in-cell events. (D) Individual cell-in-cell events. (E) Frequency of counted 146 
intraepithelial senescent cells/mm² of patients in pre-RCT biopsy and post-RCT central tumor, invasive tumor front 147 
and normal tissue. (F) Frequency of counted intraepithelial cell-in-cell phenomena/mm² in patients in pre-RCT 148 
biopsy and post-RCT central tumor, invasive tumor front and normal tissue area.  149 

Prevalence of senescence and cell-in-cell structures in different tumor compartments 150 

The median number of epithelial senescent cells/mm² was highest in the central tumor area (560 151 
cells/mm2) followed by normal tissue (494 cells/mm2). In the biopsies and invasive front numbers of 152 
senescent cells were similar (360 cells/mm2 vs. 369 cells/mm2), respectively (Figure 4E). The mean 153 
numbers of epithelial cell-in-cell structures/mm² were most frequent in the invasive front (1.0 cell-in-154 
cell/mm2) followed by the central tumor region (0.72 cell-in-cell/mm2) and biopsies (0.56 cell-in-155 
cell/mm2). In normal tissue cell-in-cell phenomena were least common (0.08 cell-in-cell/mm2) (Figure 156 
4F). 157 

Prognostic significance of cell-in-cell and senescence rates in clinical rectal carcinoma tissue samples 158 

The prognostic relevance of senescent cells and cell-in-cell structures for the following outcomes was 159 
analyzed: overall survival, metastasis-free survival, local recurrence-free survival and tumor-specific 160 
survival. For each outcome the cut-off values were determined by ROC analysis. Overall survival was 161 
clearly favorable for patients with a low number of senescent cells in pretreatment biopsies (5-year 162 
overall survival, 78.5% v. 61.2%, p=0.045) (Figure 5A) as well as central tumor areas (80% v. 76.8%, 163 
p=0.043) (Figure 5B). 164 
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  165 

Figure 5: Prognostic significance of intraepithelial senescent cell density/mm² and cell-in-cell phenomena 166 
density/mm² in Kaplan Meier plots for overall survival. The cut off was set by ROC-Curve analysis. Five-year 167 
survival rates are given in brackets after the designation of the corresponding cut-off values. (A) Senescent cell 168 
density in tissue micro arrays of biopsies, (B) central tumor (C) invasive tumor front and (D) normal tissue from 169 
tumor resection. (E) Cell-in-cell density in tissue micro arrays of biopsies, (F) central tumor (G) invasive tumor front 170 
and (H) normal tissue from tumor resection. 171 
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Senescent cells in the invasive tumor front or normal tissue had no prognostic relevance, however 172 
(Figure 5 C, D). Cell-in-cell in biopsies were not significantly associated with prognosis. Patients having 173 
less than three cell-in-cell structures/mm² in the central tumor had a clearly improved overall survival 174 
(73.3% v. 46.9%, p=0.001) (Figure 5F). Patients having less than 0.2 cell-in-cell structure/mm² in their 175 
normal tissue (Figure 5H) also had a distinctly improved prognosis (71.8% v. 56.0%, p=0.042). 176 

Moreover, low numbers of senescent cells in the biopsies (86.3% v. 74.4%, p=0.046) and low numbers of 177 
cell-in-cell structures (80.4% v. 65.7%, p=0.015) and senescent cells (89.0% v. 70.6%, p=0.014) in the 178 
central tumor area were associated with improved tumor-specific survival (Supplementary Figure 1). 179 
High numbers of senescent cells in the invasive tumor front were a predictor of a favorable local 180 
recurrence-free survival (73.3% v. 49.3%, p=0.024, Supplementary Figure 2). Patients with high senescent 181 
cell rates in biopsies (53.7% v. 75.6%, p=0.021) and central tumor (50.3% v. 73.7%, p=0.013) developed 182 
metastatic disease significantly more frequently than patients with low rates (Supplementary Figure 3). 183 

Association of senescence with cell-in-cell structures in rectal cancer tissue samples 184 

Each observed cell-in-cell structure (n=670) was photographed and was analyzed according to whether 185 
the engulfed and/or phagocytotic cell was senescent (Figure 6A-E). 186 

  187 

Figure 6: (A) Part of a TMA immunohistochemical double stained for senescence by nuclear anti-H3K9me3 (blue) 188 
and membranous anti-E-Cadherin (red) in rectal cancer. Arrows indicating cell-in-cell events. Zoomed images of 189 
the tissue micro array, (B) a cell-in-cell event in which both involved cells are senescent, asterisk marks the cell in 190 
the tissue micro array, (C) a cell-in-cell event in which both involved cells are not senescent, (D) engulfed cell is 191 
senescent and (E) a cell-in-cell event in which only the engulfing cell is senescent. (F) Distribution of senescence in 192 
the engulfing and in the engulfed cell in all observed cell-in-cell events. 193 

Senescent cells were observed in 67% of all cell-in-cell structures. Most frequently senescent cells were 194 
engulfed by a non-senescent cell (39.4% of all cell-in-cell structures, Figure 6 B, F), followed by both 195 
participating cells not being senescent (33%, Figure 6C, F) and both cells being senescent (18.4%, Figure 196 
6D, F). Non-senescent cells only rarely were engulfed by senescent host cells (9.3%, Figure 6E, F). This 197 
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association was highly significant: Senescent cells were significantly more frequently internalized in 198 
cell-in-cell structures than constituting the external host cell (57.8% vs. 27.6%, p<0.001 Fisher’s exact 199 
test). 200 

Combination of cell-in-cell and senescence rates as prognostic factors 201 

In addition, the prognostic relevance of combined rates of senescence and cell-in-cell phenomena was 202 
studied. The combined group having high numbers of senescent cells and high cell-in-cell/mm² rates 203 
was associated with a poor overall survival (Figure 7A-D).  204 

Therefore, high cell-in-cell and high senescent cell rates were compared to all others (Figure 7E-F). 205 
Patients with high senescent and cell-in-cell rates in the central tumor had a particularly unfavorable 206 
prognosis (73.3% v. 46.9%) (p<0.001, Figure 7F). Similarly, in the normal tissue patients with “high-high” 207 
rates showed an unfavorable prognosis (71.7% v. 46.7%) (p=0.011) (Figure 7H). Univariate and 208 
multivariate Cox’s regression analyses for overall survival were performed including clinical 209 
prognosticators and TNM stage. M stage (p<0.001) and combined high cell-in-cell/mm² with high 210 
senescence/mm² in the tumor post RCT (p=0.001) were independent prognostic factors for overall 211 
survival in multivariate analysis (Table 2). 212 
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  213 

Figure 7: Kaplan Meier plots for overall survival of intraepithelial senescent cell density/mm² and cell-in-cell 214 
phenomena density/mm². The cut off was set by ROC-Curve analysis. The five-year survival rate is given in 215 
brackets after the designation of the corresponding cut-off values. All graphs in the left column show high and/or 216 
low rates of senescent cells combined with high and/or low cell-in-cell events. (A) biopsies. (B) central tumor, (C) 217 
invasive tumor front and (D) normal tissue from the tumor resection. The graphs in the right column compare high 218 
senescence and high cell-in-cell rates to all other combinations. (E) biopsies. (F) central tumor, (G) invasive front 219 
and (H) the normal tissue from the tumor resection. Five-year survival rate is shown in brackets (F) and (H). 220 
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 Table 2: Univariate and multivariate analysis of overall survival according to Cox's proportional hazards 
model 
Rectal cancer Univariate analysis Multivariate analysis 

Variable Hazard 
ratio 

95% C.I. p Hazard 
ratio 

95% C.I. p 

T stage (T4 [n = 21] v. T1/T2/T3 [n = 121 ]) 0.596 0.272 - 1.306 0.196 0.555 0.254 - 1.213 0.140 
N stage (N+ [n = 101] v. N0 [n = 41 ]) 0.732 0.4 - 1.337 0.309 0.777 0.433 - 1.395 0.398 
M stage (M+ [n = 23] v. M0 [n = 119 ]) 5.233 2.682 - 10.208 <0.001 4.495 2.469 - 8.183 <0.001 
Grading (3 + 4 [n = 27] v. 1 + 2 [n = 115 ]) 1.329 0.674 - 2.619 0.411 --- --- --- 
Gender (female [n = 34] v. male [n = 108 ]) 0.796 0.416 - 1.522 0.491 --- --- --- 
Age (> 58 years [n = 72] v. < 58 years 
[n = 70 ]) 

1.772 1.002 - 3.132 0.049 1.635 0.942 - 2.839 0.081 

Cell-in-cell > 3/mm2 [n = 31] v. ≤ 3/mm2 

[n = 111 ] 
1.237 0.617 - 2.477 0.549 --- --- --- 

Senescence > 328/mm2 [n = 89] v. ≤ 
328/mm2 [n = 53 ] 

0.895 0.116 - 6.928 0.915 --- --- --- 

Cell-in-cell > 3/mm2 and senescence > 
328/mm2 [n = 26] v. others [n = 116 ] 

2.849 0.332 - 24.434 0.340 2.623 1.46 - 4.713 0.001 

  221 

Discussion 222 

Cell lines with induced senescence were not phagocytized in vitro, but were able to phagocytise other 223 
cells very effectively. In contrast, naturally occurring senescent cells in rectal cancer tissue samples were 224 
phagocytized. Only 27.6% of phagocytic cells were senescent, whereas 57.8% of phagocytized cells 225 
presented a senescent state. Low cell-in-cell rates were associated with favorable overall survival. A 226 
high number of senescent cells and at the same time a high number of cell-in-cell structures in the tissue 227 
lead to an extremely unfavourable prognosis regarding overall survival. 228 

The question whether senescent cells are a stimulus for phagocytosis has been answered contradictory. 229 
However, the results of the cellular in vitro investigations were unmistakable. In all three studied cell 230 
lines absolutely no senescent cells had been phagocytized. Since clear experimental conditions are given 231 
and a high percentage of senescent cells were available and no phagocytosis occurred at all, this strongly 232 
suggests that senescence is not a trigger for phagocytosis. In tissue, the properties of the cells are not so 233 
definite. Even if the cells have a senescent phenotype, they may have suffered a necrotic death 234 
afterwards. In particular, radiochemotherapy involves daily radiation for about 6 weeks and additional 235 
chemotherapy. In this way cells can be driven into senescence (27) and then these cells can be damaged 236 
even further so that they die as a consequence (28). Death of senescent cells is mainly necrotic or other 237 
non programmed death (29, 30). Therefore, the phagocytized cells could also be necrotically dead 238 
senescent cells. Since necrosis is a strong trigger for phagocytosis (19, 31), it can lead to subsequent 239 
engulfment of the senescent cells that have died necrotically. Necrotic cells cannot actively penetrate 240 
living cells but are actively ingested by living cells. An alternative explanation could be entosis, in which 241 
one cell actively penetrates another cell and causes its own uptake in the recipient cell (32). It is thinkable 242 



14 
 

that the observed cell-in-cell structures were formed by entosis and that this mechanism is applied 243 
preferentially by senescent cells. However, the experimental setup did not allow to assess this. 244 

Another interesting issue is that heat-induced necrosis is a very strong trigger of non-professional 245 
phagocytosis. 60% of cells treated with camptothecin were identified as dead in the Annexin/7AAD 246 
assay. Astonishingly, however, in contrast to the cells killed at 56° Celsius, they were not phagocytized. 247 
This indicates that a difference exists that inhibits cells killed by camptothecin to be non-professionally 248 
phagocytized and thus prevents cell-in-cell phenomena. Additionally, this observation indicates that 249 
senescence per se is not a distinct trigger of non-professional phagocytosis. 250 

In general cell-in-cell structures are found both in normal tissue (31) and in tumor tissue (33). A high 251 
rate of cell-in-cell structures in tumor tissue is a negative prognostic factor for example in breast 252 
carcinoma (20, 34), metastasis of melanoma (24), cytology of bladder cancer (35), head and neck cancer 253 
(25, 36), rectal cancer (25), oral squamous cell carcinoma (37) and lung adenocarcinoma (38). In contrast, 254 
an increased incidence of homotypic cell cannibalism in ductal adenocarcinoma of the pancreas was 255 
associated with decreased metastatic potential and consequently was a positive prognostic factor (21). 256 
Additionally, adherent wild-type cells can act efficiently as entotic hosts, suggesting that normal 257 
epithelia may engulf and kill aberrantly dividing neighboring cells (39). High cell-in-cell rates and high 258 
senescence rates are prognostically unfavorable markers for rectal cancer patients in this study. 259 
Senescence occurred more frequently after RCT in the central tumor tissue. Cell-in-cell structures were 260 
also found more frequently in the central tumor. This study shows that high cell-in-cell rates in rectal 261 
carcinomas can be considered as an adverse prognostic marker for survival. A reason might be that the 262 
phagocytosis leads to an increased supply of substances to the tumor cells (40-42). In addition, selection 263 
of particularly malignant tumor cells is likely to occur by competition, in which the ability to engulf 264 
neighboring cells could constitute a distinct advantage (43). The poorer survival for patients with high 265 
senescence values could be explained by the senescence-associated secretory phenotype (44-47). There 266 
could be an association between cell-in-cell structures and senescence. Hints for this are that senescent 267 
cell lines like fibroblasts and pancreas carcinoma cells phagocytize in vitro and that in vivo in 67% of 268 
cell-in-cell structures in rectal cancer TMAs senescent cells are involved. In the tissue of rectal cancer 269 
mainly senescent cells are phagocytized, but they can also phagocytize. The extremely poor survival of 270 
the subgroup with combined high senescence rates and high cell-in-cell rates is impressive. It was an 271 
independent marker for dramatically worse overall survival in rectal cancer patients. Prognostic 272 
markers are important for accurately individualizing therapies for rectal cancer patients, thereby 273 
reducing long-term costs and patient suffering (48, 49). Given the strong prognostic significance in this 274 
investigation for rectal cancer patients, additional studies on cell-in-cell structures and senescence are 275 
clearly warranted. 276 

Conclusion 277 

Senescent cells can be non-professionally phagocytized and at the same time they can non-278 
professionally phagocytize in vivo. In vitro experiments indicate that it is unlikely that senescence is a 279 
strong trigger for non-professional phagocytosis. Combined high rates of non-professional 280 
phagocytosis and high rates of senescence are an extremely poor prognostic factor for overall survival. 281 

  282 
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Material and Methods 283 

Cell cultures 284 

Three different cell lines were studied in vitro for senescence and sixteen cell lines for cell-in-cell 285 
structures. Cancer cells were pancreatic adenocarcinoma cells BxPC-3, glioblastoma cells U87, U138, 286 
U251 and T98G (American Type Culture Collection) and head and neck cancer cells HN-p26. Primary 287 
fibroblast cell lines p26F, SBLF-4, -7, -9, -10, -11, -12, -13, -22, -23 were each derived from young 288 
Caucasians. Human bronchial epithelial cells (BEAS-2B) were obtained from the British Sigma/Public 289 
Health Consortium. BxPC-3 cells were cultured in RPMI-1640 medium (Life Technologies GmbH, 290 
Darmstadt, Germany) and fibroblast cell lines in F12 medium (Life Technologies GmbH, Darmstadt, 291 
Germany). Fetal calf serum, penicillin/streptomycin, glutamine and non-essential amino acids were 292 
added in different concentrations for each culture. The cells were cultured in at 37°C, 5% CO2 and 95% 293 
humidity. 294 

Staining and immunofluorescence 295 

Senescence was determined either by flow cytometry or immunostaining as two independent methods. 296 
For the flow cytometric analysis, cells were incubated for 30 minutes in Bafilomycin A1 and afterwards 297 
C12FDG (Invitrogen, Auckland, New Zealand) was added for 60 min at 37°C. For senescence analysis 298 
by immunostaining anti-H3K9me3 (Millipore, Darmstadt, Germany) and anti-HMGA2 (Cell Signaling, 299 
Leiden, Netherlands) antibodies were used. Cytoskeleton was stained by α–tubulin (Abcam, 300 
Cambridge, UK). Secondary antibodies were Alexa 488 chicken anti mouse or Alexa 594 chicken anti 301 
rabbit (Molecular Probes, Darmstadt, Germany). Phagocytosis experiments were performed using 302 
CellTrace Oregon Green (Invitrogen, Auckland New Zealand) for the living cells and CellTrace Far Red 303 
(Invitrogen, Auckland, New Zealand) for heat (56°C) for camptothecin treated cells. Cell nuclei were 304 
stained by DAPI (Roche, Grenzach-Wyhlen, Germany) and slides were mounted using Vectashield 305 
(Vector Laboratories Inc, Burlingame, USA). Cell images were acquired by a Zeiss Axio Plan 2 306 
fluorescence microscope (Zeiss, Göttingen, Germany). Nuclear size was analyzed with Biomas software 307 
(MSAB, Erlangen, Germany). 308 

Necrosis, senescence induction and non-professional phagocytosis 309 

Senescence was induced in cells by 120nM and 200nM camptothecin for up to 7 days. Necrosis was 310 
induced by heating cells in a hyperthermic bath at 56°C for 45 minutes. Cell death was analyzed by flow 311 
cytometry using the Annexin APC and 7AAD staining. The portion of β-galactosidase positive, living 312 
and necrotic cells were analyzed by flow cytometry (Gallios Flow Cytometer, Beckman Coulter, 313 
Fullerton, USA). Non-professional phagocytosis was studied by coincubating the same number of red 314 
and green cells for 4 hours. For the phagocytosis trials the following cell mixtures were used: Vital green 315 
cells/heat-treated red cells, vital green cells/senescent red cells, senescent red cells/heat-treated green 316 
cells, vital green cells/vital red cells. Slides were scanned with a fluorescence microscope at 400x 317 
magnification (Carl Zeiss Microscopy, Göttingen, Germany) and Metafer4 as software (Metasystems, 318 
Altlußheim, Germany). At least 1000 vital cells were counted to calculate the cell-in-cell rates. In case of 319 
cell-in-cell rates of less than 1% a total of 3000 viable cells were counted. 320 

 Human specimens, Tissue micro arrays and immunohistochemical staining 321 
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The frequency and prognostic relevance of cell-in-cell structures and senescent cells were studied in a 322 
cohort of 192 rectal cancer patients that received neoadjuvant radiochemotherapy (RCT). All samples 323 
were processed into tissue microarrays (TMAs) of 2 mm core diameter. Clinical data were obtained from 324 
the Erlangen Tumor Centre Database and from patient’s records (Table 1).  325 

 326 

Table 1: Clinical characteristics of rectal cancer patients 
  pre RCT 

 
post RCT 

 
 

  n (%) n (%) 
Variable All patients 96 (100) 146 (100) 
Gender male 63 (65.6) 110 (75.3) 

 female 33 (34.4) 36 (24.7) 
Age at diagnosis mean 64 y (35 - 

  
63 y (33 - 84 

 UICC stage I 7 (7.3) 8 (5.5) 
 II 24 (25) 34 (23.3) 
 III 52 (54.2) 81 (55.5) 
 IV 13 (13.5) 23 (15.8) 

Grading G1 4 (4.2) 3 (2.1) 
 G2 77 (80.2) 116 (79.5) 
 G3 15 (15.6) 27 (18.5) 

T stage T1 4 (4,2) 3 (2.1) 
 T2 13 (13.5) 18 (12.3) 
 T3 72 (75) 105 (71.9) 
 T4 7 (7.6) 20 (13.7) 

N stage N0 32 (33.3) 48 (32.9) 
 N1 64 (66.7) 98 (67.1) 
 N2 0 (0) 0 (0) 
 N3 0 (0) 0 (0) 

M stage M0 83 (86.5) 123 (84.2) 
 M1 13 (13.5) 23 (15.8) 

Chemotherapy 5-FU mono 38 (39.6) 53 (36.3) 
 Oxaliplatin - 5-FU 42 (43.8) 76 (52.1) 
 other 5-FU-

 
7 (7.3) 5 (3.4) 

 others 9 (9.4) 12 (8.2) 

Dworak regression grade 
0 1 (1) 3 (2.1) 
1 8 (8.3) 9 (6.2) 

 2 22 (22.9) 55 (37.7) 
 3 53 (55.2) 79 (54.1) 
 4 12 (12.5) 0 (0) 

  327 

The average age was 64 and 63 years for pre-RCT and post-RCT specimens, respectively. The samples 328 
named “biopsies” (n=96) were collected 6 weeks prior to RCT. Concurrent chemotherapy most 329 
frequently consisted of 5-fluorouracil/oxaliplatin. A post-treatment Dworak tumor regression score of 330 
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grade 3 was achieved in most cases (n = 54.1%). 6 weeks after the end of neoadjuvant RCT, patients had 331 
surgical tumor resection as part of routine clinical treatment (n=146). The neoadjuvant 332 
radiochemotherapy and the time intervals correspond to the standard of treatments. Samples from the 333 
surgical specimen were taken from the “central tumor” region, the “invasive front” as well as 334 
surrounding “normal tissue”. All patients signed a consent form, permitting the analysis of routinely 335 
obtained pathologic samples and clinical data for research purposes. The use of formalin-fixed paraffin-336 
embedded material from the Archive of the Institute of Pathology was approved by the Ethics 337 
Committee of the Friedrich-Alexander-University of Erlangen-Nuremberg on 24 January 2005. 338 
Immunohistochemical staining were performed on formaldehyde-fixed paraffin embedded tissue 339 
microarrays. Tissue sections were dewaxed. The antigens were damasked using target removal 340 
solutions pH6 (TRS6, Dako Cytomation) in a steam cooker. Anti-E-cadherin (BD, Heidelberg, Germany) 341 
was used to visualize cell membranes by an alkaline-phosphatase-labeled polymer kit (Zytochem-Plus 342 
AP-PolymerKit, Zytomed Systems, Berlin, Germany) and a fast-red color reaction (Sigma-Aldrich, 343 
Deisenhofen, Germany). Senescent cells were detected by anti-H3K9Me3 antibodies and a fast-blue 344 
color reaction (Sigma-Aldrich, Deisenhofen, Germany). 345 

 TMA Slides were scanned with a microscope at 200x magnification (Carl Zeiss Microscopy, Göttingen, 346 
Germany) using Metafer4 software (Metasystems, Altlußheim, Germany). Intraepithelial and stromal 347 
areas of each TMA spot were identified by the image processing software Biomas. The senescent cells 348 
and cell-in-cell structures were manually selected. Biomas software recorded the counts in the 349 
intraepithelial area per mm². Every cell-in-cell structure was photographed and stored. Cells were 350 
regarded as senescent, when their nuclei stained positive for H3K9Me3. Cell-in-cell structures were 351 
defined as complete enclosure of an inner cell by the membrane of an outer cell, a round nucleus of the 352 
inner cell and a semilunar enclosing by the nucleus of the outer cell. 353 

 Survival data were censored to 72 months to avoid dilution of data by untraceable drop-out of 354 
individual study participants. A corresponding cut-off was determined by a ROC curve analysis. Local 355 
failure-free survival, metastasis-free-survival, tumor-specific survival and overall survival were 356 
determined using the Kaplan Meier method and the log rank test. Univariate and multivariate Cox 357 
regression analysis for overall survival was performed. Age, gender, TNM stage, grading, high cell-in-358 
cell counts/mm², high senescence counts/mm² and the combination of high cell-in-cell and high 359 
senescence counts/mm² were evaluated. 360 

 Statistical analysis  361 

IBM SPSS Statistics version 21 (IBM Corp, Armonk, NY, USA) was used for statistical analysis. P-values 362 
below 0.05 were considered significant.  363 
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