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ABSTRACT.	 In canine lymphoma, drug resistance is the major factor hindering treatment. In 
this study, we performed immunohistochemical examination of P-glycoprotein (P-gp) and breast 
cancer resistance protein (BCRP), which are considered as transporters related to multidrug 
resistance in three recurrent canine lymphomas. All cases were negative for both transporters 
before anticancer drug administration, but became positive after this administration. The 
expression was confirmed in capillary endothelial cells, such as in brain capillaries acting as the 
blood-brain barrier (BBB). It is suggested that both transporters expressed on capillary endothelial 
cells in lymphoma tissue may inhibit the spread of anticancer drugs into tumor tissues from blood, 
the same as the BBB. Therefore, capillary endothelial cells could act as a blood-tumor barrier, 
which might be involved in drug resistance in canine lymphoma.
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Canine lymphoma is the most common hematopoietic neoplasia in dogs [15]. Its incidence rate is estimated to be 20–107 
cases per 100,000 dogs [2, 3, 9] and it shows similarities to human non-Hodgkin lymphoma in terms of the clinical features [6]. 
Canine lymphoma is histologically classified according to the World Health Organization classification; within this category, B-cell 
lymphomas are reported to be prevalent and large B-cell lymphomas are the most common [17, 18]. Canine lymphoma is routinely 
treated with a multi-agent chemotherapy protocol [20], such as cyclophosphamide, doxorubicin, vincristine, and prednisolone 
(CHOP-protocol), which is currently the standard of care. Although the initial response rate for multi-agent chemotherapy is high, 
in most cases the tumor recurs. The main reason for the development of non-responsiveness to chemotherapy is thought to be drug 
resistance of lymphoma. The acquisition of drug resistance in canine lymphoma is a major issue clinically, but the mechanism 
behind it has not been clarified.

Drug resistance can be present at the start of chemotherapy (intrinsic drug resistance) or develop during or following 
chemotherapy (acquired drug resistance). Acquired resistance is the major factor impeding survival. Some molecules involved 
in the mechanism of drug resistance in anticancer therapies are considered as transporters related to multidrug resistance, such 
as P-glycoprotein (P-gp) and breast cancer resistance protein (BCRP), which efflux the drugs from the CHOP-protocol from 
tumor tissue. Studies have investigated the expression of P-gp and BCRP in canine lymphoma, but their localization has not been 
comprehensively clarified [20]. In this study, we performed immunohistochemical examination of three recurrent cases of canine 
lymphoma and confirmed the expression of P-gp and BCRP at different sites from those in previous reports.

Tumor samples were obtained from three dogs diagnosed with lymphoma, which presented at Patho Labo Co., Ltd. (Ito, Japan) 
for the examination of lymphoma. Detailed information of the samples (breed, sex, treatment, age, timing of sample collection) is 
presented in Table 1.

To examine the expression of P-gp and BCRP and T-cell and B-cell typing for lymphoma, an enzyme antibody method was 
performed. All samples were fixed with 10% buffered formalin for less than 7 days, embedded in paraffin by a conventional method, 
and the sections (3–5 µm) were prepared from the blocks. For T-cell and B-cell typing, polyclonal rabbit CD20 antibody (CD20 
Polyclonal Antibody; Thermo Fisher Scientific Inc., Waltham, MA, USA) and monoclonal mouse CD3 antibody (Monoclonal 
Mouse Anti-Human CD3; DAKO Denmark A/S, Glostrup, Denmark) were used as primary antibodies. To examine the expression 
of P-gp and BCRP, monoclonal rabbit P-gp antibody (Anti-P-Glycoprotein antibody; EPR10364-57; Abcam Plc., Cambridge, UK) 
and monoclonal mouse BCRP antibody (Anti-BCRP/ABCG2 antibody; BXP-21; Abcam Plc.) were used as primary antibodies.
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The primary antibodies were diluted with phosphate-buffered saline (PBS) supplemented with 1% bovine serum albumin (BSA) 
and the secondary antibodies were diluted with polyclonal goat anti-immunoglobulins [Histofine Simple Stain MAX-PO (MULTI); 
Nichirei Biosciences Inc., Tokyo, Japan]. The slides were deparaffinized with xylene and rehydrated in a series of ethanol solutions 
with decreasing concentrations. For antigen activation, pretreatment was performed using an autoclave for CD3 and Immunosaver 
(Nisshin EM Co., Ltd., Tokyo, Japan) for P-gp and BCRP. Afterwards, the sections were saturated with 3% hydrogen peroxide 
for 20 min to inactivate endogenous peroxidase. For the inhibition of nonspecific reactions, the sections were incubated with 
block-ace at room temperature for 30 min. The sections were incubated overnight with each primary antibody (4°C). After washing 
with PBS (5 min, three times), the sections were incubated with secondary antibody for 1 hr. The sections were stained with 
3,3′-diaminobenzidine tetrahydrochloride (DAB)/hydrogen peroxide and counterstained with hematoxylin, dehydrated with a series 
of ethanol solutions and xylene, and then covered using mounting solution.

For the pathological diagnosis of canine lymphoma, not only CD3/CD20 immunohistochemistry but also hematoxylin and eosin 
staining were performed.

The normal lymph nodes and normal cerebrum of dogs who died of pulmonary edema were also immunostained with P-gp and 
BCRP for comparison with lymphoma cases. Normal lymph node was collected from a 17 year old female mix dog, and normal 
cerebrum was collected from a 7 year and 11 month old male Welsh corgi by Laboratory of Veterinary Pathology, School of 
Veterinary Medicine, Azabu University.

In the normal cerebrum, P-gp, and BCRP expression on the capillary endothelial cells was observed. In the normal lymph node, 
P-gp and BCRP expression was not observed (Fig. 1).

Case 1 was diagnosed as lymphoma by pathological examination due to multiple masses (first test). Thereafter, treatment 
with anticancer drugs was initiated, and the patient achieved complete response, but then relapsed and underwent pathological 
examination due to swelling of the inguinal lymph node (second test). In this case, the first test showed negativity for P-gp and 
BCRP, but the second test showed staining of capillary endothelial cells with P-gp. In the second test, BCRP was negative (Fig. 2 
and Table 2). This case was CD3-negative and CD20-positive and diagnosed with diffuse large B-cell lymphoma.

In Case 2, pathological examination was performed because of enlargement of the lymph nodes and swelling of the lips (first 
test). This case was CD3-positive and CD20-negative and diagnosed with extranodal/peripheral T-cell lymphoma. After being 
diagnosed with lymphoma by pathological examination, chemotherapy was started. Lymph node enlargement was observed about 
half a year later, for which a pathological examination was performed (second test). About 1 year later, lymph node enlargement 
was observed and a test was again performed (third test). At the first test, cytoplasmic staining for P-gp was observed. In the 
second test, similarly, cytoplasmic staining for P-gp was observed. In the third test, not only cytoplasm but also cell membrane 
staining for P-gp was observed. We considered that the cytoplasmic staining of P-gp was a false positive result because P-gp 
must be present in the cell membrane to function as a drug transporter. In the third test, P-gp was expressed on the cell membrane 
of lymphoma cells, so the staining on the cell membrane was considered P-gp rather than nonspecific staining. For BCRP 
immunohistochemistry, BCRP was expressed on capillary endothelial cells only at the second test (Fig. 2 and Table 2). The BCRP 
expression site of capillary endothelial cells was judged to be BCRP positive as same as P-gp in Case 1.

In Case 3, swelling of the mandibular lymph node was noted. After the administration of steroids and antibiotics for 2 months, 
a biopsy of the swollen lymph node was performed, and the patient was diagnosed with T-cell lymphoma (first test). Then, the 
administration of L-asparaginase, steroid, and chlorambucil was started. This case maintained stable disease for a while, but lymph 
node enlargement was observed, after which vincristine was initiated. The size of the lymph nodes remained unchanged after the 
start of vincristine, but the left lower lymph node was removed for diagnosis (second test). BCRP was negative at the first test, but 
a second test showed BCRP expression on the capillary endothelial cells. In this case, P-gp was negative in both tests (Fig. 1 and 
Table 2). This case was CD3-positive and CD20-negative and diagnosed with T-zone lymphoma.

In previous reports, P-gp and BCRP antibodies in this study were used in western blotting or immunocytochemistry of canine 
cell lines and show specificity for P-gp or BCRP [11, 19]. Therefore, the signal of immunohistochemical staining observed in this 
study is considered to be P-gp or BCRP except for cytoplasmic staining.

In all cases, the staining pattern of P-gp and BCRP in capillary endothelial cells was partial and not all capillaries were stained in 
sections.

Table 1.	 Clincal data for dogs

Case Sample Age Breed Sex Sampling method Treatment

1
1 (1st test) 7 y and 7 m Miniature 

pinscher Male
Biopsy or resection Anticancer drug started after diagnosis. 

Achieved CR but soon relapsed1 (2nd test) 8 y Biopsy or resection

2
2 (1st test) -

Welsh corgi Female
Biopsy or resection

Chemotherapy after diagnosed2 (2nd test) 9 y Biopsy or resection
2 (3rd test) 10 y Biopsy or resection

3
3 (1st test) 9 y

Beagle Male
Biopsy or resection Not achieved CR after L-asparaginase, 

steroids, chlorambucil then vincristine3 (2nd test) 9 y and 10 m Biopsy or resection
CR=complete response, m=month, y=year.
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To date, a few studies have immunohistochemically evaluated the expression of P-gp and BCRP in canine lymphoma; the 
sites of P-gp and BCRP expression as confirmed by immunohistochemical examination are the cytoplasm or cell membrane 
[16]. In this study, we evaluated the expression of P-gp and BCRP in tumor tissue in lymph nodes before and after anticancer 
drug administration. The results showed that, in all cases, the expression of P-gp and BCRP was negative before anticancer drug 
administration, but became positive thereafter. In addition, we found P-gp and BCRP expression on capillary endothelial cells, 
which contrasts with previous reports.

In case 3, BCRP was expressed after treatment with a steroid drug, which is one of the substrates of BCRP [14]. Some studies 
have reported that glucocorticoid before the initiation of chemotherapy has an adverse effect on treatment in canine lymphoma [12, 
13]. It can be said that substrates of BCRP such as steroid drugs may be involved in the expression of BCRP.

Experiments using cultured cell lines have shown that P-gp gene expression was increased after exposure to P-gp substrates 
such as doxorubicin [5]. Therefore, it is possible that the expression of P-gp and BCRP became positive in the cases in this study 
because the transcriptional activities of these drug resistance transporters may be increased by anticancer drugs including P-gp/
BCRP substrates.

In this study, P-gp was expressed in B-cell lymphoma after anticancer drug treatment and BCRP was expressed in T-cell 
lymphoma after anticancer drug treatment, which corresponds to the report of a study evaluating the mRNA expression of ABC 
transporters in canine lymphoma [20].

As mentioned above, in this study immunohistochemistry revealed the expression of P-gp and BCRP in capillary endothelial 
cells of lymph nodes. This expression was similar to the expression in the normal cerebrum (Fig. 1). Capillary endothelial cells in 
the brain are known to be associated with the blood-brain barrier (BBB) and P-gp and BCRP act in biological defense mechanisms 
against chemicals [4, 8, 10]. P-gp and BCRP expressed in capillary endothelial cells may enable the efflux of anticancer drugs from 
tumor tissues, the same as their roles at the BBB. Therefore, the expression of capillary transporters in tumor sites may constitute 
a blood-tumor barrier, which might be involved in drug resistance in lymphoma. However, there is usually a gap between capillary 
endothelial cells [1]. Otherwise, capillary endothelial cells at the BBB form a closed structure due to tight junctions, physically 
blocking the passage of small molecules [7]. If tight junctions are not seen in the capillary endothelial cells and the intercellular 
space is wide, low-molecular-weight substances pass through the intercellular space, regardless of the presence of P-gp and BCRP 
substrates, and may reach tumor cells. Therefore, this study suggested that the expression of P-gp and BCRP might be related to 
drug resistance to anticancer drugs but to prove the association between P-gp and BCRP expression and drug resistance, it will be 
necessary to evaluate tight junctions of intertumoral capillary endothelial cells and accumulate more data in the future.

In conclusion, P-gp and BCRP were observed after the administration of anticancer drugs. P-gp and BCRP were identified in the 

Fig. 1.	 Results of P-glycoprotein (P-gp) and breast cancer resistance protein (BCRP) immunohistochemistry in normal cerebrum and normal 
lymph node. In the normal cerebrum, both P-gp and BCRP were expressed on capillary endothelial cells (arrows). In the normal lymph node, 
no expression of P-gp and BCRP was detected (arrows show capillary). Scale bar=50 µm.
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Fig. 2.	 Results of P-glycoprotein (P-gp) and breast cancer resistance protein (BCRP) immunohistochemistry in Case 1 to 3. In Case 1, P-gp was 
not expressed before the administration of anticancer drugs (arrow shows capillary) but expressed on capillary endothelial cells (arrow) after 
the administration of anticancer drugs (2nd test). BCRP was not expressed before and after the administration of anticancer drugs (arrows 
show capillary). Inset shows CD20 immunohistochemistry result of Case 1. In Case 2, cytoplasmic staining (arrow) with P-gp was observed 
before the administration of anticancer drugs (1st test) but was considered negative. P-gp was expressed on the cell membrane (arrow) after the 
administration of anticancer drugs (3rd test). BCRP was not expressed before the administration of anticancer drugs (arrow shows capillary) but 
expressed on capillary endothelial cells (arrows) after the administration of anticancer drugs (2nd test). Inset shows CD3 immunohistochemistry 
result of Case 2. In Case 3, P-gp was not expressed before and after the administration of anticancer drugs (arrows show capillary). BCRP was 
not expressed before the administration of anticancer drugs (arrow shows capillary) but expressed on capillary endothelial cells (arrow) after the 
administration of anticancer drugs (2nd test). Inset shows CD3 immunohistochemistry result of Case 3. Scale bar=50 µm (except for Case 2 P-gp 
and Inset). Scale bar=25 µm for Case 2 P-gp. Scale bar=20 µm for inset.

Table 2.	 Immunohistochemical Examination

P-gp test BCRP test
1st 2nd 3rd 1st 2nd 3rd

(Before 
administration)

(After 
administration)

(After 
administration)

(Before 
administration)

(After  
administration)

(After 
administration)

Case 1 - + ND - - ND
(Capillary endothelial cells)

Case 2 - - + - + -
(Cell membrane) (Capillary endothelial cells)

Case 3 - - ND - + ND
(Capillary endothelial cells)

Before/after administration represents before/after administration of anti-cancer drugs. P-gp=P-glycoprotein, BCRP=breast cancer resistance protein, 
ND=not determined.
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capillary endothelial cells in canine lymphoma, which can be suggested to be associated with formation of the blood-tumor barrier 
as a mechanism of drug resistance. To prove that the blood-tumor barrier has the same function of excreting drugs from tumor 
tissues as the BBB, further studies such as demonstrating tight junctions at the blood-tumor barrier are required.
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