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Abstract   

Vascular endothelial growth factor-A (VEGFA) and placental growth factor (PlGF) can 

mediate cancer progression and anticancer treatment failure. We therefore analyzed 

(sub)cellular patterns of VEGFA and PlGF expression, and mean vessel density (MVD) in 

primary rectal tumor samples of stage IV patients, who could benefit from improved 

therapies. VEGFA, PlGF and MVD were measured immunohistochemically in paraffin-

embedded rectal tumor tissue before and after pelvic radiotherapy and systemic neoadjuvant 

treatment with bevacizumab, capecitabine, and oxaliplatin. The relation between baseline 

expression of VEGFA and PlGF, and MVD and pathologic response to treatment was also 

analyzed. At diagnosis, 91% of the 46 tumors expressed VEGFA in the cytoplasm and 50% in 

the nucleus of tumor cells. PlGF was expressed by 74% in the tumor cell's cytoplasm. There 

were no differences in VEGFA expression and MVD at baseline between the nine patients 

with pathologic complete response (pCR) and the 30 patients with residual tumor after 

treatment. All patients with pCR expressed PlGF in tumor cells at baseline, as did 19 of the 30 

patients with residual tumor. After treatment, nuclear VEGFA expression in tumor cells and 

MVD were lower in residual tumors as compared to the initial tumor [15% vs. 56%, P = 

0.024, and 10.3 (±4.2) vs.16.4 (±6.0), P < 0.0001]. PlGF expression in residual cancer did not 

significantly differ from the paired pre-treatment values. These data indicate the relevance of 

VEGFA and PlGF to rectal tumor biology, and might suggest PlGF blockade as being of 

interest to test in metastatic rectal cancer. 
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INTRODUCTION 

Rectal cancer is a major contributor to cancer-related morbidity and mortality, with 

approximately 450,000 new cases reported worldwide in 2008 [1]. The poor prognosis of 

rectal cancer patients is a consequence of distant visceral metastases, occurring mainly in the 

liver and lungs. The optimal treatment of patients with newly diagnosed metastatic rectal 

cancer remains a difficult task [2]. One of the approaches is to include bevacizumab, a 

monoclonal antibody against vascular endothelial growth factor-A (VEGFA) [3], early during 

treatment.  Phase 3 studies have shown that addition of bevacizumab to oxaliplatin-containing 

chemotherapy improves survival of patients with previously untreated and treated metastatic 

colorectal cancer (mCRC) [4, 5]. However, the clinical gain is rather modest and the two-year 

recurrence rate is high, despite initial good pathologic response [2]. This illustrates that 

further improvement of therapy is warranted.  

Targeting tumor-stroma interactions could provide potential alternative strategies, 

given the critical role played by the tumor microenvironment in cancer progression [3]. 

Placental growth factor (PlGF) is a VEGFA homolog initially isolated from placenta [6], but 

also expressed by tumor and stroma cells [7]. In addition to its  role in tumor angiogenesis [7, 

8], recently reported data bridge PlGF with a prosurvival function exerted through neuropilin 

1 (Nrp1) receptor [9]. The cerebellar stroma of a human medulloblastoma mouse model 

produced PlGF following stimulation by tumor-derived sonic hedgehog (Shh) signaling. 

Subsequently, stromal PlGF acted through Nrp1 expressed on tumor cells and promoted the 

survival of these tumor cells. PlGF/Nrp1 blockade resulted in direct antitumor effects in vivo, 

with medulloblastoma regression, decreased metastasis, and increased mouse survival. 

Furthermore, in 32 medulloblastoma patients, high expression of Nrp1 correlated with poor 

overall survival [9]. 
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These data underscore that insight into factors involved in the cross-talk between 

cancer and its microenvironment, such as VEGFA and PlGF, could provide insightful 

guidance for the development of novel clinical approaches. Therefore, the primary aim of the 

current study was to examine by immunohistochemical staining (sub)cellular patterns of 

VEGFA and PlGF expression in rectal tumor cells and microenvironment cells and their 

relation, and mean vessel density (MVD) in a cohort of stage IV rectal cancer patients with 

paired tissue samples prior to and after neoadjuvant local radiotherapy and systemic treatment 

containing bevacizumab. In addition, we correlated VEGFA and PlGF protein expression at 

diagnosis with pathologic response to treatment in rectal tumors, as pathologic response 

provides early and accurate information about the local effect of radiotherapy given in 

combination with systemic treatment. 

MATERIALS AND METHODS  

Patients and Database  

 Rectal tumor samples of stage IV patients [10], presenting with a primary rectal tumor 

and simultaneous metastases to the liver or lungs who participated in a phase 2 study were 

used for this work [2].  Patients received a total pelvic radiotherapy dose of 25 Gy, delivered 

in 5 fractions over five days. Systemic treatment was initiated within 2 weeks of radiotherapy. 

Patients received six 3-weekly cycles of bevacizumab, capecitabine and oxaliplatin. On the 

first day of each cycle, bevacizumab was administered in a dose of 7.5 mg/kg intravenously 

(IV) and oxaliplatin in a dose of 130 mg/m2 IV, each in a 2-hour infusion. Capecitabine was 

given in twice-daily doses of 1000 mg/m2 during the first 2 weeks of each cycle. Following 

the aforementioned treatment, surgical resection of the primary rectal tumor was carried out 

when feasible. An anonymous database had been maintained for this patient cohort 

(T.H.v.D.), encompassing prospective information on general patient characteristics, rectal 
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tumor histopathology, and pathologic response to treatment. Rectal tumors were divided into 

low grade (well/moderately differentiated) and high grade (poorly/undifferentiated) [11].The 

World Health Organization (WHO) classification was used for histological typing [12].  

Collection and Processing of Tumor Samples  

 Immunohistochemical analysis of VEGFA and PlGF expression and of MVD was 

carried out on archival (2006-2010) pre- and post-treatment rectal tumor tissue samples. The 

pre-treatment, diagnostic rectal tumor biopsies were obtained with informed consent from 50 

patients prior to inclusion in the previously reported phase 2 clinical study [2]. Post-treatment 

rectal cancer specimens were collected from the resected primary tumors. Formalin-fixed and 

paraffin-embedded rectal tumor blocks were constructed immediately after tissue 

procurement. All formalin-fixed paraffin-embedded tissue blocks were anonymized and 

encrypted with a unique code for patient confidentiality and study blindness purposes.  

Immunohistochemical Analysis   

 For each immunostaining, 4 μm-thick tissue sections were cut from the paraffin-

embedded primary rectal tumor blocks and subsequently placed on StarFrost® hydrophylic 

microscope slides (Waldemar Knittel, Braunschweig, Germany). Rectal tumor tissue sections 

intended for the immunostainings described herein were cut consecutively, to lessen the effect 

that intra-tumor heterogeneity could have when comparing protein expression within each 

patient sample. Tissue slides such constructed were prepared for immunohistochemical 

staining by deparaffinization in xylene and rehydration in ethanol. Endogenous peroxidase 

and non-specific binding were quenched as previously described [13]. Endogenous avidin-

biotin was blocked for the VEGFA and PlGF stainings by using a commercially available 

blocking kit (Vector Laboratories, Burlingame, CA, USA). Heat-induced antigen retrieval 

was performed for VEGFA, PlGF, and CD31, using a 400 W rotary microwave 
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(Supplementary Table S1). Sections were incubated with polyclonal rabbit anti-human 

antibody against VEGFA or against PlGF, and with monoclonal mouse anti-human antibody 

against CD31 (Supplementary Table S1). Subsequently, sections were incubated with 

secondary and tertiary antibodies with streptavidin-conjugated peroxidase (DAKO, Glostrup, 

Denmark). Diaminobenzidine (Sigma-Aldrich, Zwijndrecht, The Netherlands) was used as a 

chromogene and hematoxylin was applied for counterstaining. 

 Tissue sections of FaDu human hypopharynx cancer xenograft  for VEGFA, human 

placenta for PlGF, and human tonsil for CD31 were stained in parallel with the experimental 

rectal tumor samples, as external positive controls (Supplementary Fig. S2A). External 

negative controls were rectal tumor samples from the study patients with primary antibodies 

omitted (Supplementary Fig. S2B), whereas mostly negatively stained normal stromal tissue 

served as an internal negative control. Internal positive controls were provided by the 

presence of vascular endothelium in some of the slides. Hematoxylin and eosin (H&E) 

staining was used to assess tissue morphology and to ensure the selection of viable tumor 

tissue for immunohistochemical analysis (Supplementary Fig. S2B). 

A Leica DM 3000 microscope and the LAS 3.7 software (Leica Microsystems, 

Rijswijk, The Netherlands) were used for slide analysis and image processing. Two 

independent observers (K.T. and H.T.-B. for VEGFA and PlGF; K.T. and U.M.D. for CD31) 

scored all samples blinded for clinical and pathologic data. VEGFA and PlGF expression was 

assessed in the cytoplasm and nucleus of tumor cells, adjacent stromal cells with elongated 

spindle shape, and in epithelial cells of neighboring rectal crypts with normal histology. Three 

to five random high-power fields (HPF; 400x magnification) were recorded for each slide, 

and the definitive staining score was assigned based upon the most frequently observed 

category among the HPFs evaluated. Before scoring of VEGFA and PlGF expression, 

reference staining scales were selected  (Supplementary Fig. S3A, S3B). VEGFA and PlGF 
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expression scores were assigned using the following criteria: staining negativity (absence of 

expression) or positivity (presence of expression) was established using the predetermined 

cut-off value of 10% of the tissue analyzed (staining  ≤  10% = negative; > 10% = positive); 

in positive samples, staining intensity was further categorized  as weak (1), moderate (2), and 

strong (3). At least a quarter of the tumor area had to be assessable to be designated an 

expression score. Areas of artificial staining detected at the periphery of tumor sections were 

not included in the analysis. Tumor MVD was determined by counting the number of CD31 

positive vessels within three angiogenic hot-spot areas (400x) of the tumor microenvironment 

[14]. A < 10% inter-observer discrepancy was found for all immunostainings. Subsequent 

assessment of discordant cases was performed to reach a consensus score. 

Assessment of Pathologic Outcome 

 Pathologic response was prospectively assessed in post-treatment surgical specimens 

of primary rectal tumors by using Mandard's criteria [15]. Pathologic complete response 

(pCR) of the primary tumor to treatment was defined as no remaining residual 

adenocarcinoma cells in the rectal tumor specimen, and corresponded to Mandard tumor 

regression grade 1 (TRG 1). Residual rectal tumors with pathologic near-complete response 

contained rare residual cancer cells (TRG 2). Partial pathologic response was defined as some 

remaining adenocarcinoma cells in the rectal tumor specimen (TRG 3 or 4), and no response 

as the absence of regressive changes (TRG 5). Pathologic response data were retrieved from 

the anonymous database of the phase 2 clinical trial (T.H.v.D.) and confirmed by the 

pathologist (A.K.).  

Statistical Methodology 

Presence or absence of VEGFA and PlGF expression before treatment was described 

as frequency, and correlated with pathologic response after treatment by Fischer's exact test. 
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For this analysis, post-treatment rectal tumor samples were stratified as presenting or lacking 

pathologic complete response. Intensity of positive protein expression was shown as median 

(range, 1-3), and comparatively assessed in tumor cells, stromal cells and normal rectal crypts 

by Chi-square test. Fisher's exact test served to correlate presence or absence of protein 

expression in paired pre- and post-treatment rectal tumor samples. McNemar's test was used 

to determine the significance of change in protein expression presence or absence in paired 

pre- and post-treatment rectal tumors. Treatment-induced change in MVD of rectal tumors 

was analyzed in paired samples by paired T-test. For statistical analyses, GraphPad Prism 

(version 5.00 for Windows, GraphPad Software, La Jolla, CA, USA) was used. Tests were 

two-sided with a significance level of < 0.05. 

RESULTS  

VEGFA and PlGF Protein Signature of Rectal Tumors of Stage IV Patients 

The clinical and histopathologic characteristics and information concerning treatment 

of the 46 patients with sufficient diagnostic (pre-treatment) rectal tumor tissue available for 

VEGFA and PlGF expression analysis, as verified by H&E staining, are summarized in Table 

1. At diagnosis, most tumors were metastasized to the liver (39/46; 85%). Lung metastases, 

respectively combined liver & lung metastases were less frequent.  

Cytoplasmic and nuclear VEGFA and PlGF expression was recorded in tumor cells (n 

= 46), tumor-adjacent stromal cells (n = 46 for VEGFA, n = 45 for PlGF), and tumor-

neighboring normal rectal crypts (n = 36 for VEGFA, n =32 for PlGF staining). Tumor and 

stroma cellularity differences, respectively the absence of normal rectal crypts in some of the 

diagnostic rectal tumor samples account for disparities between the number of samples 

available for VEGFA and PlGF expression analysis in tumor, stromal, and rectal crypt cells.  
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Table 1. Patient and tumor characteristics at diagnosis and information concerning the 
treatment delivered during the phase 2 clinical trial in patients with sufficient rectal 
tumor tissue available for VEGFA  and PlGF expression assessment. 
            n      (%) 
Gendera   
 Female 18  (39) 
 Male 28  (61) 
Age (years)a  
 Median                        58  
 Range                     35-75  
Primary tumor localizationa  
 Upper 6  (13) 
 Middle 22  (48) 
 Lower 18  (39) 
Primary tumor invasiona  
 cT2 4  (9) 
 cT3 34  (74) 
 cT4 8  (17) 
Tumor  
   Gradea  
 Low 44  (96) 
 High 2  (4) 
   Histological typea  
 Classical 46  (100) 
 Mucinous 0  (0) 
Local lymph node metastasisa  
 cN0 6  (13) 
 cN1 27  (59) 
 cN2 13  (28) 
Distant metastasisa 

 Liver 39  (85) 
 Lungs 5  (11) 
 Liver & lung 2  (4) 
Neoadjuvant treatmenta  
 Irradiation 46  (100) 
 Bevacizumab 45  (98) 
 Capecitabine-oxaliplatin 45  (98) 
Treatment-free interval before surgery (weeks)a 
 Median                            9 
 Range                              5-37 
Surgerya 
 No 7  (15) 
 Yes 39  (85) 
Pathologic response of the primary tumorb  
 YpCR (TRG 1) 9  (23) 
 Residual tumor (TRG 2-5) 30  (77) 
Residual primary tumor invasionc 
 YpT2 9  (30) 
 YpT3 20  (67) 
 YpT4 1  (3) 

 
Results are presented as number of patients and percentage [n(%)], unless indicated otherwise; YpCR 
– pathologic complete response to neoadjuvant treatment; TRG – tumor regression grade; *Assessed in 
the 46 patients of whom upfront rectal tumor tissue for analysis was available; #Assessed in the 39 
patients whom underwent surgical treatment of the primary rectal tumor after neoadjuvant therapy; † 

Assessed in the 30 patients with residual tumor in the surgical specimen following neoadjuvant 
therapy.  
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VEGFA and PlGF were extensively, but differently expressed in the tumor tissue and in the 

neighboring normal rectal crypts. Representative VEGFA and PlGF stainings are depicted in 

Fig. 1A. Cytoplasmic VEGFA expression was present in tumor cells (n = 42/46; 91%), in 

stromal cells  (n = 7/46; 15%), and in the epithelial cells of normal rectal crypts (n = 33/36; 

92%) (Fig. 1B). PlGF expression was found in the cytoplasm of tumor cells (n = 34/46; 74%) 

and in the cytoplasm of epithelial cells in normal rectal crypts (n = 21/32; 66%), whereas this 

was absent in the adjacent stromal cells in 96% of tumor samples (n = 43/45) (Fig. 1B). 

Simultaneous VEGFA and PlGF expression was observed in the cytoplasm of tumor cells in 

30 of the 46 tumor samples (65%), while VEGFA expression or PlGF expression was found 

in 12 (26%) and 4 (9%) tumors respectively. The percentage of VEGFA or PlGF positivity in 

tumor cells and in bordering normal rectal crypts was comparable. However, the VEGFA 

staining intensity of tumor cells was higher (median score 2) than that of the normal rectal 

crypts (median score 1; P < 0.0001; Fig. 1C). The PlGF staining intensity pattern in rectal 

crypt cells mirrored that of tumor cells (Fig. 1C). Nuclear VEGFA expression was present in 

half of the rectal tumor samples in tumor cells (n = 23/46; 50%), in stromal cells (n = 21/46; 

46%), and in the epithelial cells of rectal crypts (n = 19/36; 53%). Distinct, no nuclear PlGF 

expression was observed in any of the cell types analyzed. Baseline MVD in the rectal tumor 

microenvironment was 15.91 ± 5.731 (median ± SD, n = 44). 

VEGFA and PlGF Expression in Relation to Pathologic Response to Treatment 

We subsequently correlated pre-treatment VEGFA and PlGF protein expression with 

post-treatment pathologic response in rectal tumors. This analysis was possible in the thirty-

nine patients that underwent rectal tumor surgery after neoadjuvant pelvic irradiation 

followed by bevacizumab, capecitabine and oxaliplatin treatment. Nine patients achieved a 

pCR and 30 patients had residual cancer cells in the surgical specimen. There were no  
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Figure 1.  Baseline VEGFA and PlGF expression in primary stage IV rectal tumors and 
in neighboring normal rectal crypts.  
 

 

(A)  Representative images of immunohistochemical VEGFA (upper panels) and PlGF (lower panels) 
staining in rectal tumor tissue (tumor and stromal cells), and in the neighboring rectal crypts with 
normal histology, as indicated in columns. Scale bars are indicated in the panels.  (B)  Quantification 
of the distribution of VEGFA (left panel) and PlGF (right panel) staining -- dichotomized as positive 
(i.e., present) or negative (i.e., absent) -- in the cytoplasm of tumor cells, stromal cells, and epithelial 
rectal crypt cells.  (C) Distribution of staining intensity of VEGFA (left panel) and PlGF (right panels) 
in the cytoplasm of tumor cells,  stromal cells, and in normal rectal crypts (median staining intensity 
presented as red line). 



    Chapter 5 
    VEGFA and PlGF protein signature of metastatic rectal cancer 

 

122 
 

differences in VEGFA expression and MVD at baseline between the patients that had a pCR 

and those with residual tumor after treatment (Table 2). PlGF stained positive in tumor cells at 

baseline in all 9 patients who experience a pCR, and in 19 of the 30 patients with residual 

tumor (P = 0.040). Furthermore, all 9 patients who achieved a pCR presented simultaneous 

VEGFA and PlGF expression in the cytoplasm of tumor cells pre-treatment, as did 16 of the 

30 patients with residual rectal tumor (Fig. 2). Pathologic near-complete response (pNCR) 

was observed in 3 of the 16 rectal tumors that simultaneously expressed VEGFA and PlGF at 

baseline, and in 3 of the 11 VEGFA-expressing tumors, but not in PlGF-expressing tumors 

(Table 3). Pathologic partial regression or lack of regression were found across the 

VEGFA/PlGF expression subgroups (Table 3).  

Table 2.  Relation  between VEGFA and PlGF expression in rectal tumor tissue at 
baseline and pathologic response to treatment. 
 
Marker expression n Pathologic complete response P-value 

Yes [n (%)]  No [n (%)] 

VEGFA tumor cells 39 9 
 

30 
  

Cytoplasmic + 36      9  (25) 27  (75) 1.000 

Cytoplasmic - 3 0  (0) 3  (100)  

                       Nuclear + 23 6  (26) 17  (74) 0.711 

Nuclear - 16 3  (19) 13  (81)  

VEGFA stromal cells 39 9 
 

30 
  

Cytoplasmic + 5 3  (60) 2  (40) 0.070 
Cytoplasmic - 34 6  (18) 28  (82)  
Nuclear + 18 6  (33) 12  (67)   0.225 
Nuclear - 21 3  (14) 18  (86)  

PlGF tumor cells 39 9  
 

30 
  

Cytoplasmic + 28 9 (32) 19  (68) 0.040 
Cytoplasmic - 11 0 (0) 11  (100)  

PlGF normal crypts 30 4  
 

26 
  

Cytoplasmic + 20   1  (5) 19  (95) 0.095 
Cytoplasmic - 10  3  (30) 7  (70)  

 
n – number of rectal tissue samples analyzed 
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Figure 2.  Distribution of baseline cytoplasmic VEGFA and PlGF stain in rectal tumor 
cells in pathologic complete responders (pCR) and in patients with residual microscopic 
rectal tumor (residual tumor). 
 

 

 
VEGFA + PlGF: simultaneous 
VEGFA and PlGF expression in 
rectal tumor cells at baseline; 
VEGFA: VEGFA expression in 
rectal tumor cells at baseline; 
PLGF: PlGF expression in 
rectal tumor cells at baseline. 
 

 

 

 

 

Table 3.  Subgroup correlation of baseline VEGFA and PlGF expression in rectal tumor 
cells with the pathologic regression grade of the residual tumor. 
 
Residual rectal tumor 
 

 n Marker expression 

VEGFA + PlGF [n (%)] VEGFA [n (%)] PlGF [n (%)] 
Pathologic regression grade 30 16  11 3 

     TRG 2 (pNCR) 6 3  (19) 3 (27) 0 (0) 

     TRG 3 16 9 (56) 5 (46) 2 (67) 

     TRG  4 and 5 8 4 (25) 3 (27) 1 (33) 
 
n – number of rectal samples analyzed for baseline cytoplasmic VEGFA or PlGF expression in tumor 
cells; TRG – tumor regression grade of the residual tumor; pNCR – pathologic near-complete response 
(only a few residual tumor cells present). 
 

 

 

 



    Chapter 5 
    VEGFA and PlGF protein signature of metastatic rectal cancer 

 

124 
 

Treatment-Induced Changes in VEGFA and PlGF Expression, and MVD of Rectal 

Tumors 

Finally, we tested whether the expression of VEGFA and PlGF in rectal tumors was 

altered by local radiotherapy and systemic neoadjuvant treatment. VEGFA and PlGF 

expression could not be compared pre- and post-treatment in complete pathologic responders, 

as they had no residual rectal cancer cells in the post-treatment surgical specimen. Thirty 

patients presented residual tumor in the resected rectal cancer specimen. Respectively 27 and 

22 paired rectal tumor samples were available for the analysis of VEGFA and PlGF 

expression pre- and post-treatment (Table 4). Tissue lose that occurred in a few samples 

during staining procedures explains the difference in the number of paired samples used in the 

VEGFA and PlGF analysis. Therapy decreased the number of rectal tumors with nuclear 

VEGFA expression in tumor cells from 56% to 15% (P = 0.024). The number of tumors with 

cytoplasmic VEGFA expression remained the same (Table 4), but treatment decreased the 

intensity of VEGFA expression in residual tumor cells (median score 1) as compared to 

corresponding values before therapy (median score 2, P = 0.001; Fig. 3). Twelve of the 27  

tumors had less, 3 had more, and 12 had the same intensity of cytoplasmic VEGFA staining 

(Fig. 4A). Treatment did not affect significantly neither the number of PlGF-positive rectal 

tumors (Table 4), nor the intensity of PlGF protein expression in tumor, stromal and in normal 

rectal crypt cells (Fig. 3). Three tumors turned PlGF negative, 12 retained their pre-treatment 

PlGF expression in tumor cells, and 7 tumors turned PlGF positive after treatment (Fig. 4B). 

MVD went from 16.43 ± 6.00 before treatment to 10.34 ± 4.21 after treatment (median ± SD, 

P < 0.0001), as assessed in paired rectal tumor samples (n = 27). Representative images of 

CD31 tumor vasculature staining are presented in Supplementary Fig. S4. 
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Table 4.  Treatment-induced changes in the incidence of VEGFA and PlGF expression 
in rectal tumor tissue and in normal rectal crypts. 

Marker expression n Positive expression, n (%) P-value 
Pre-treatment Post-treatment 

VEGFA nuclear  

Tumor cells 27 15  (56) 4    (15) 0.024 
                       Stromal cells 26 10  (38) 4   (15) 0.116 

Normal crypts 21 12  (57) 6   (29) 0.118 

VEGFA cytoplasmic  

Tumor cells 27 24  (89) 27   (100) 0.235 
                       Stromal cells 26 2   (8) 4   (15) 0.668 

Normal crypts 21 20  (95) 20   (95) 1.000 

PlGF cytoplasmic  

Tumor cells 22 13  (59) 17   (77) 0.331 
                       Stromal cells 21 0   (0) 0   (0) 1.000 

Normal crypts 16 11  (69) 10   (63) 1.000 
 
n – number of rectal tissue samples analyzed 
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Figure 3.  Treatment-induced changes in the intensity of VEGFA and PlGF expression 
in rectal tumor cells. 
  

 

Distribution of staining intensity of VEGFA (left panel) and PlGF (right panel) in the cytoplasm of 
tumor cells pre- and post-treatment (median staining intensity presented as red line). 

 

Figure 4. Dot plots of VEGFA (A) and PlGF (B) expression of individual rectal tumors 
in relation to treatment. 

 

 

 

 

VEGFA and PlGF expression were 
comparatively assessed in rectal tumor 
cells in paired tissue samples collected 
before and after radiotherapy, 
bevacizumab, and chemotherapy. 
Paired cytoplasmic expression data 
were presented in 27 rectal tumor 
samples for VEGFA and in 22 pairs 
for PlGF. 
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DISCUSSION  

In this study, we investigated the expression of VEGFA and PlGF in primary rectal 

tumors of stage IV patients by immunohistochemistry, as it preserves cell and tissue 

architecture. This allowed us to determine VEGFA and PlGF expression in cancer cells in the 

context of surrounding tumor microenvironment cells and cells of the neighboring normal 

histological structures. This, in turn, could advance our understanding of the role played by 

VEGFA and PlGF in rectal cancer. The study data show that rectal tumors of newly 

diagnosed stage IV patients apart from VEGFA also express PlGF extensively in tumor cells. 

VEGFA was expressed in the cell cytoplasm and nucleus, PlGF expression was confined to 

the cytoplasm. VEGFA and PlGF levels were elevated in rectal tumor cells compared to 

adjacent stromal cells. Subsequently we found that all patients who experienced a pCR 

following neoadjuvant radiochemotherapy and bevacizumab treatment showed simultaneous 

PlGF and VEGFA expression in rectal tumor cells at baseline. Finally, we tested VEGFA and 

PlGF expression and MVD before and after neoadjuvant treatment. VEGFA expression and 

MVD were lower in residual rectal tumors, whereas PlGF expression was not different from 

the pre-treatment values. 

  VEGFA expression has received much attention in rectal tumors, although precise 

subcellular localization of VEGFA was not the focus. We showed that apart from the cell 

cytoplasm, VEGFA expression was also present in the nucleus of tumor cells and adjacent 

stromal cells in 50% of the primary tumors before treatment. VEGFA functions are 

segregated according to its subcellular distribution in tumor cells. Release of cytoplasmic 

VEGFA by tumor cells promotes angiogenesis through a paracrine mechanism, as described 

in several cancer types [16]. Nuclear VEGFA localization has been reported in cell cultures of 

COS-7 fibroblasts under hypoxic conditions and in endothelial cells of the bovine adrenal 

cortex [17, 18], but is not yet reported in human tumors. This localization might be of interest 
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since VEGF receptors (VEGFR) are expressed at the cell surface of endothelial cell, but also 

at the cell and nuclear membrane of tumor cells [16]. VEGFA signaling via VEGFR1 or 

VEGFR2 localized at the nuclear membrane promoted survival of human breast cancer cells 

and human melanoma cells in preclinical models [19, 20].  

 PlGF expression is present in several solid tumor types [7]. However, the precise 

cellular pattern of PlGF expression at the protein level has not been studied. In the present 

study, PlGF was expressed before treatment in the cytoplasm of tumor cells in about 75% of 

the rectal tumors. Furthermore, the vast majority of cases simultaneously expressed PlGF and 

VEGFA in the cytoplasm of tumor cells. Synergism in the tumor microenvironment between 

extracellular VEGFA and PlGF homodimers enhances tumor angiogenesis [21]. But 

preclinical data show that PlGF can also inhibit tumor angiogenesis when overexpressed in 

tumor cells that simultaneously express VEGFA [22-24]. In that setting, VEGFA:PlGF 

heterodimers can be formed at the expense of the more proangiogenic VEGFA:VEGFA 

homodimers, with reduced angiogenic acitivity of such tumor cells. This could support the 

antiangiogenic effect of therapeutic bevacizumab [25, 26]. Not only can tumor cells produce 

PlGF themselves, but they can also ''educate'' stroma cells to produce PlGF via tumor cell-

stroma cross-talk. Breast cancer and leukemia cells upregulate PlGF production in bone 

marrow stromal cells by activating NF-κB signaling [27, 28]. Furthermore, medulloblastoma 

cells stimulate the production of PlGF in the cerebellar stroma via Shh signaling [9]. This role 

in the stroma seems to be absent in rectal tumors as in the current study spindle-shaped 

stromal cells in the primary rectal tumors did not express PlGF. Further studies are warranted 

to elucidate the precise role played by VEGFA  and PlGF in rectal cancer biology in relation 

to  their (sub)cellular distribution, and how this can be better influenced by anticancer 

treatments.  
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In our study, 12 of the 15 patients (80%) that achieved pathologic complete or near-

complete response simultaneously expressed PlGF and VEGFA in rectal tumor cells before 

neoadjuvant radiochemotherapy and bevacizumab administration. Bevacizumab neutralizes 

proangiogenic VEGFA:VEGFA homodimers produced by tumor cells that act on endothelial 

cells, thus induces regression and normalization of tumor vasculature [29, 30]. PlGF did not 

counteract this, since MVD was as expected [31, 32] lower following treatment in residual 

rectal tumors. The ''normalized'' vascular network provides a better delivery of chemotherapy 

followed by local pathologic regression [33]. Local radiotherapy, followed by systemic 

bevacizumab in combination with chemotherapy yielded a pathologic complete response rate 

of the primary rectal tumor of 23%, and a near-complete pathologic response rate of  15% in 

our study. These rates are comparable with other neoadjuvant chemoradiation schemes, which 

have  pathologic complete response rates from 10% to 30%  in patients with locally advanced 

rectal cancer [34]. Circulating levels of PlGF have shown no association with clinical 

outcome in colorectal cancer patients treated with bevacizumab and chemotherapy [35]. 

Whether in situ tumor PlGF is a biomarker of pathologic response of rectal cancer to 

bevacizumab, radiation, chemotherapy, or combination of them needs to be established in 

larger studies.  

In the present study we had the opportunity to access paired rectal tumor samples 

collected during a prospective phase 2 clinical trial in which patients were treated with local 

radiotherapy, and systemic bevacizumab in combination with chemotherapy [2]. The level of 

cytoplasmic and nuclear VEGFA went down in rectal tumor cells following therapy. Nuclear 

VEGFA localization was previously reported in fibroblasts under hypoxia, but not under 

normoxia [18]. Therefore, this response could be a potential readout for an improved 

oxygenation status of the residual rectal tumor after treatment. Elevated serum levels of PlGF 

were reported in 32 stage II-III rectal cancer patients following bevacizumab alone or in 
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combination with radiotherapy, and in 43 mCRC patients after bevacizumab in combination 

with chemotherapy [36, 37]. However, in a study in 12 rectal cancer patients treated with 

bevacizumab only, PlGF mRNA expression in tumor cells and tumor-associated macrophages 

was not upregulated at day 12 of treatment [38]. This data is complemented by our study, 

demonstrating that also combined treatment consisting of radiochemotherapy and 

bevacizumab causes no upregulation of PlGF expression in the primary rectal tumor and 

adjacent stroma. PlGF expression was, however, present in residual rectal tumors cells post-

treatment in our study. We previously performed a study with a radiolabeled humanized 

monoclonal antibody against PlGF in human tumor bearing mice and showed specific tumor 

uptake [39]. In patients, whole body imaging of PlGF distribution by positron emission 

tomography (PET) with an 89Zr labelled antibody against PlGF could potentially identify in a 

non-invasive way the source of circulating PlGF following anti-VEGFA treatment. 

In conclusion, rectal tumors of newly diagnosed stage IV patients express not only the 

well-known VEGFA but also PlGF extensively in tumor cells. Treatment with local 

radiotherapy followed by systemic bevacizumab, capecitabine and oxaliplatin reduces 

VEGFA in residual tumor cells and MVD in the microenvironment. PlGF expression is 

maintained in residual rectal tumors cells post-treatment. In view of the proangiogenic 

function of PlGF and the clinical readiness of PlGF inhibitors [40, 41], a possible implication 

of our findings is that PlGF blockade might be of interest to test in PlGF-expressing VEGFA-

depleted rectal cancers.  
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Graphical abstract 
 

 

 

VEGFA and PlGF are extensively expressed in rectal cancer cells of stage IV patients. 
Radiotherapy followed by bevacizumab and chemotherapy downregulate VEGFA but 
not PlGF expression in residual cancer cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



    Chapter 5 
    VEGFA and PlGF protein signature of metastatic rectal cancer 

 

133 
 

 SUPPLEMENTARY MATERIAL 

Supplementary Table (S1). Antibodies used for immunohistochemical staining. 

Antigen Antigen retrieval Primary 
antibody 
clone 

Company Dilution Incubation 
time 

Incubation 
temperature 

VEGFA 100 mM 
Tris/HCl(pH  9.0) 152 Santa Cruz1 

Biotech. 1:50 60 minutes room 
temperature 

PlGF 10 mM citrate  
(pH 6.0)  9542 Abcam2 1:50 overnight 4 °C 

CD31 10 mM 
Tris/EDTA(pH 9.0) JC70A DAKO3 1:50 60 minutes room 

temperature 
 

mM – milimolar; 1Bio-connect, Huissen, The Netherlands; 2Cambridge, UK; 3Glostrup, Denmark. 
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Supplementary Fig. (S2). A. Representative immunohistochemical VEGFA (left panel), 
PlGF (middle panel), and CD31 staining (right panel) in FaDu human xenograft, human 
placenta, respectively human tonsil tissue. B.  Representative hematoxylin and eosin (H&E; 
left panel) and negative control (PBS; right panel) staining in primary rectal tumor tissue. 
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Supplementary Fig. (S3). Reference scales of immunohistochemical VEGFA (A.) and PlGF 
(B.) staining of primary rectal tumors. Staining intensities are categorized as negative (0), 
weak (1), or moderate (2). 
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Supplementary Fig. (S4). Representative examples of CD31 staining in rectal cancer, 
illustrating vessels of the tumor microenvironment pre- (left panel) and post-treatment (right 
panel). 
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