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Flow Cytometry in the Diagnosis of
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B cell lymphoma (BCL) is a heterogeneous group of lymphoid malignancies which
comprise the majority of canine lymphomas. Diffuse large B cell lymphoma is the most
common lymphoma subtype in dogs but other subtypes (e.g., marginal zone lymphoma,
follicular lymphoma, mantle cell lymphoma, and others) have been described. This review
aims to explore the use of flow cytometry to refine the diagnosis of canine BCL. Particular
emphasis will be given to the possible identification of peculiar immunotypes, putative
prognostic markers, staging and minimal residual disease.
Keywords: dog, lymphoma, B-cell, flow cytometry, diagnosis, prognosis

Edited by:
Steven E. Suter,
North Carolina State University,
United States
Reviewed by:
Jonathan Fogle,
North Carolina State University,
United States
Arianna Miglio,
University of Perugia, Italy
William Kisseberth,
The Ohio State University,
United States
*Correspondence:
Fulvio Riondato
fulvio.riondato@unito.it
Specialty section:
This article was submitted to
Comparative and Clinical Medicine,
a section of the journal
Frontiers in Veterinary Science
Received: 31 August 2020
Accepted: 26 February 2021
Published: 19 March 2021
Citation:
Riondato F and Comazzi S (2021)
Flow Cytometry in the Diagnosis of
Canine B-Cell Lymphoma.
Front. Vet. Sci. 8:600986.
doi: 10.3389/fvets.2021.600986

INTRODUCTION
Flow cytometry (FC) of fine needle aspirates has been increasingly applied as first-line analysis in
cases of suspected lymphoma in dogs. It is mainly used to investigate the immunophenotype of
the cells and refine the diagnosis obtained from other morphological diagnostic techniques such as
cytology and histopathology. In addition to the cell lineage definition, recent studies investigated
flow cytometric parameters with a potential clinical and diagnostic relevance. The present review is
aimed to summarize these aspects in B-cell lymphoma (BCL).

IDENTIFICATION OF B-CELL LINEAGE
Current histologic and cytologic classification of lymphomas (WHO and Kiel updated, respectively)
(1, 2) requires the identification of the lineage of the cells. A possible correlation between updated
Kiel classification and WHO classification for BCLs according to (3) is reported in Table 1. FC
is one of the best available methods to define the immunophenotype of discrete cells in routine
diagnostics. The major advantages include the multiparametric approach and the availability of
a wider panel of antibodies compared to other techniques. This allows the description of the
antigenic pattern of cells and provides information about the lineage, differentiation/maturation,
activation, and other specific features. Unfortunately, only a few antibodies are commercially
available for the identification of B-cells in dogs. Common antibodies used to characterize Bcells and their expected immunoreactivity in non-neoplastic cells are reported in Table 2. The
most widely used B-cell markers in FC are IgM, CD21, CD22, and CD79. Antibodies directly
conjugated with a fluorochrome are preferred in routine diagnostics; they allow a more effective
multicolor approach and a faster labeling protocol. Similarly, the staining procedure for membrane
epitopes (e.g., CD21, CD22, and IgM) is faster and better preserves the morphology of the
cells. In contrast, the detection of the transmembrane antigen CD79 requires an additional
cell permeabilization step to recognize the intracellular epitope. Monoclonal antibodies against
the alpha and beta heterodimers (CD79a and CD79b, respectively) have been developed and,
to the authors’ experience, they provide similar results. The combined evaluation of different
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TABLE 2 | Common antibodies used for the characterization of B-cells in dogs
and expected reactivities.

TABLE 1 | Possible correlation between updated Kiel classification and WHO
classification for B-Cell Lymphomas according to (3).
Updated Kiel classification
Low-grade
BCLs

WHO classification

Small B-cell lymphoma
Small lymphocytic

B-cell CLL/small lymphocytic
lymphoma? OR low-grade small
BCL NOS?

Antibody clones

Reactivity

CD18

CA1.4E9

All leukocytes

CD19

4E9

B-cells, including early precursors

CD20

NCD1.2

Mature B-Lymphocytes

1E4
6C8

Prolymphocytic

CD21

CA2.1D6

Mature B-lymphocytes

CD22

RFB4

Mature B-lymphocytes

CD25

P4A10

Activated lymphocytes

Follicular lymphoma grade I/II

CD34

1H6

Precursors

Centroblastic monomorphic,
follicular subtype

Follicular lymphoma grade III

CD45

YKIX716.13

All leukocytes

Centroblastic monomorphic,
diffuse subtype

DLBCL

Centroblastic polymorphic
Immunoblastic

Lymphoplasmacytic

Lymphoplasmacytic lymphoma

Marginal zone

Nodal MZL, extranodal MZL,
splenic MZL

Centroblasto-centrocytic
High-grade
BCLs

Target

CA12.10C12
CD44

IM7

All hematopoietic cells

CD79a(cy)

HM57

B-cells, including early precursors

DLBCL

CD79b(cy)

AT107-2

B-cells, including early precursors

DLBCL

IgM

polyclonal

Immature/Mature B-cells

Anaplastic/mediastinal

Mediastinal BCL (DLBCL)

MHC II

YKIX334.2

Monocytes, Histiocytes, Lymphocytes

Burkitt type

Burkitt lymphoma

Plasmacytoid

–

Small cell NOS

Mantle cell lymphoma?

CA2.1C12
Ki67 (nuclear)

MIB-1

Proliferating cells

cy, cytoplasmic.
BCL, B-cell lymphoma; CLL, chronic lymphocytic leukemia; DLBCL, diffuse large B-cell
lymphoma; MZL, marginal zone lymphoma; NOS, not otherwise specified.

in the normal canine lymphoid populations (8) with lambda
chains strongly exceeding the kappa ones. Also, the majority of
canine BCL (19/23) showed a restricted expression of lambda
chain in a study using immunohistochemistry (1). Therefore,
although technically feasible, the kappa/lambda ratio has a poor
diagnostic significance to distinguish reactive and neoplastic Bcell expansions in dogs.
In dogs, B cells generally represent a minority of the
population in non-neoplastic lymph nodes (9, 10), thus an
expansion of B cells suggests a possible BCL. However, there is no
consensus about a cutoff value to differentiate BCL and a reactive
proliferation in lymph nodes and variable criteria have been
adopted in different studies. In two studies, the mean percentage
of CD21+ cells in lymph node aspirates from clinically normal
dogs was 31.4% (95%, CI 24.7–38%) (11) and 33.9% (+/− 11.8%)
(12), respectively. Other studies adopted cutoff values of 60%
(9, 13) and 65% (14) to define a B-cell lineage in neoplastic lymph
nodes. However, a high percentage of residual non-neoplastic
T lymphocytes is often found in BCLs, and setting such high
cutoff values may significantly increase the rate of false nonneoplastic results.
The evaluation of cell size in the lymph node aspirate may also
help to support the diagnosis of lymphoma since lymphocytes are
mostly small-sized in both normal and reactive lymph nodes (11)
(Figure 1). Cell size in FC is measured through Forward Scatter
(FSC) properties. FSC has a good correlation with the size of
the cell in cytology but not with the size of the nucleus, which
is the common morphologic feature used to describe neoplastic
cells as small, medium, or large. Coupling CD21 expression with
FSC greatly improves the ability of FC to differentiate BCLs from

markers may provide information on the maturation stage. For
instance, CD79 is detected in all stages of B-cell development,
IgM is expressed starting from an immature B-cell stage
while CD21 and CD22 are present only in mature Blymphocytes. Although currently not available on the market,
some monoclonal antibodies for canine CD20 have been
developed and validated in FC on clinical samples (4–6). Similar
to CD21 and CD22, CD20 is expressed by mature B cells, and
may be of aid in cases of ambiguous results with the former
markers. Other non-specific markers for B-cells may be added to
FC panels to discriminate their activation or maturation status.
Among these, the pan-leukocytic markers CD45 and CD18 are
generally expressed with lower intensity in B-cells than in other
leukocytes (7). CD25 is generally expressed by activated B-cells
and MHC II is expressed by mature B-cells. In humans, plasma
cells are CD38+, they retain CD79 but lose CD21 and IgM
expression. To date, no specific canine plasma cell marker is
commercially available. Further, there are no consistent data
about the expression of the commonly used B-cell markers on
canine plasma cells.

DIFFERENTIATING REACTIVE AND
NEOPLASTIC B-CELLS
A restricted expression of kappa or lambda light chain is
consistent with a B-cell clonal expansion and the evaluation
of the kappa/lambda ratio is the reference flow cytometric
method to diagnose a neoplastic proliferation of B-cells in
humans. Unfortunately, the kappa/lambda ratio is very low
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FIGURE 1 | Forward scatter (FSC) vs. side scatter (SSC) plots after doublet exclusion. (A) Reactive lymph node with few large-sized cells (P5); some granulocytes are
recognizable in the gate. (B) Large B-cell lymphoma with many large-sized cells (P5) easily recognizable even in the presence of a substantial residual population of
small lymphocytes.
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discriminating between high and low-grade forms (21). However,
in the author’s experience, histologically diagnosed MZLs may
present variable flow cytometric size (medium to large) and Ki67
values (indicative of both low and high-grade forms). Therefore,
it is not possible to differentiate large-sized high-Ki67 MZLs and
DLBCLs by flow cytometry alone (15, 22). This flow cytometric
presentation is consistent with a late stage of the disease with
more aggressive behavior (23) or, as described in humans, it
can represent a transformation of MZL in DLBCL. A similar
hypothesis has been formulated in dogs (24) and it is supported
by the similar molecular profile of MZL and DLBCL in this
species (25, 26).
Finally, no differences in the immunophenotype of different
subtypes of BCL were detected in one study (15). This limits the
current role of FC immunophenotype in the sub-classification of
B-cell lyphomas. However, the study included mostly DLBCL,
and possible phenotypic differences in other less frequent
lymphoma subtype should be further assessed.

reactive lymph nodes. In a recent study, on different BCLs, most
lymphoma cases exhibited an FSC higher than 469 U, a value
similar to FSC of residual T lymphocytes and higher than FSC
of normal B lymphocytes. Moreover, a median FSC higher than
720 U (corresponding to about 1.6 times the one of residual T
lymphocytes) was adopted to define large-sized cases (15).
The most reliable way to confirm a neoplastic expansion is
the identification of one discrete population with aberrant or
abnormal antigenic pattern (pseudoclonality) (16). Aberrant coexpression of T-cell or precursor markers (CD34) can sometimes
occur (9, 14, 17, 18). Diminished expression of CD79a is also
common (17) and CD21+ CD79− or CD21− CD79+ cases
are occasionally found (14, 18). However, the probability to
detect phenotypic aberrancies is strictly related to the number
and type of antibodies included in the panel. Again, the scarce
availability of specific antibodies for canine B-cells is the main
factor limiting the use of aberrant phenotypes as a major tool
to confirm clonality. In the personal experience of the authors,
and in agreement with some published papers (11, 19), large
BCLs commonly have a higher expression of CD21 if compared
to small non-neoplastic B lymphocytes (Figure 2). However, a
population with similar size and CD21 intensity was observed
in the spleen of healthy dogs (19). This finding suggests that
the large size of the cells and the upregulation of CD21 cannot
unequivocally differentiate neoplastic and non-neoplastic Blymphocytes.
FC cannot provide a definitive diagnosis of B-cell lymphoma
if there is no evidence of an obvious neoplastic population (i.e.,
phenotypic aberrances and/or a high percentage of cells with the
same phenotype) and in presence of a doubtful phenotype (i.e.,
absence or co-expression of T- and B-cell markers). In these cases,
histopathology and immunohistochemistry remain mandatory.
Additionally, PCR for Antigen Receptor Rearrangements (PARR)
analysis can help in achieving the correct diagnosis and define
lineage allocation (20); however it can be less sensitive and
accurate than FC to predict B and T phenotype (10).

REFINING THE PROGNOSIS OF B-CELL
LYMPHOMA
FC plays a leading role in defining two major characteristics of
lymphomas with possible impact on prognosis: cell lineage (B vs.
T) and staging (see below). Other FC features potentially related
to prognosis may derive from the evaluation of cell size, the
reactivity to some specific prognostic markers, and the evaluation
of the residual non-neoplastic cell population.
As previously described FSC values are indicative of small,
medium, or large cell lymphomas, although a correlation
between the flow cytometric and the morphologic information
(cytology and histology) has not been assessed so far. Of greater
importance, large flow cytometric cell size has been linked to
high-grade lymphoma subtypes (22) and a worse prognosis in
BCLs (27). A more specific evaluation of the grade of malignancy
is provided by Ki67 and S-phase values that may be determined
by FC in the lymph node at diagnosis. Cutoff values of 12.2
and 3.15%, respectively, were proposed to identify high-grade
forms (21, 28). Furthermore, the percentage of Ki67 stratifies
three prognostic groups in dogs affected by high-grade BCLs:
intermediate Ki67 values (20.1–40%) were associated with longer
relapse-free interval and survival time (median 428 and 866 days,
respectively) compared with low (<20%; median 159 and 42
days) and high values (>40%; median 100 and 173 days) in one
study (29).
Recently, additional prognostic markers have been
investigated by FC. Low levels of MHC II expression predicted
a poor outcome in BCLs in two studies (13, 27). However, this
result was not confirmed in a cohort of DLBCLs in a later study
(15). This discrepancy is likely due to the possible inclusion of
different BCL subtypes in the first studies. High levels of CD25
have been associated with a worse prognosis, resembling human
DLBCL (15, 30).
One of the main advantages of FC is the multiparametric
approach. Numerous parameters or markers can be evaluated on
every single cell at the same time. This feature allows an accurate

REFINING THE DIAGNOSIS OF B-CELL
LYMPHOMA SUBTYPES
Although it may add some useful information to the diagnosis
of lymphoma and phenotyping (see below), FC is not currently
able to distinguish different types of BCL according to the WHO
classification system in dogs. Most BCLs diagnosed in dogs
are positive for both CD21 and CD79, while, CD21− CD79+
and CD21+ CD79− lymphomas are less common (14, 18).
Expression of T-cell markers in BCLs (lineage infidelity) may
occasionally occur (9, 10) but this aberrant expression has not
been correlated to any specific subtype. The cell size determined
by FC may be of aid in further classifying B-cell neoplasms:
as in cytology and histology, DLBCLs have large-sized cells
while follicular and diffuse small BCLs are characterized by
smaller cells (15). Unfortunately, most BCLs appear as medium
to large-sized and the identification of large cells does not
rule out subtypes other than DLBCL (15). In this context,
the determination of Ki67, a proliferation antigen, can help in
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FIGURE 2 | Flow cytometric presentation of a large B-cell lymphoma. (A) Forward scatter (FSC) vs. side scatter (SSC) plot after doublet exclusion showing two
populations of small- and large-sized cells. (B) FSC vs. CD21 plot of P4-gated cells showing higher CD21 expression on large cells (H6-UR) compared with small
B-lymphocytes (H6-UL).

in fluid matrices including peripheral blood (PB) and bone
marrow (BM). The major advantage is that it allows examination
for populations with the same scatter and immunophenotypic
properties of the primary lesion. Good analytical performances
have been reported in the quantification of PB and BM
infiltration in dogs with large BCLs (38). Given the good accuracy
and precision reported and the differences in results provided
by operators in the evaluation of smears, FC appears a more
reliable method compared to microscope observation (39). A
sensitivity of 0.5 and 2% in blood and bone marrow, respectively,
and a diagnostic cutoff of 0.56 and 2.45% were identified for
flow cytometric detection of neoplastic large B-cells (38). These
values depend on the use of the currently available antibody
panel, therefore their accuracy would be likely improved with
the availability of new specific markers. Anyway, they appear
acceptable especially considering the prognostic threshold of
3% for BM infiltration in large BCLs that has been reported
in another study (40). In contrast, no PB cutoff values with
prognostic significance have been described for large BCLs so far.
The issue of staging BM infiltration is debated. Some
oncologists do not consider BM analysis mandatory to accurately
define the prognosis. This is probably because of the invasiveness
of the procedure and because bone marrow evaluation is
not considered necessary in absence of cytopenias, presence
of circulating blast cells, or other hematological alterations.
However, previous studies on DLBCL demonstrated that PB
and BM involvements are not directly correlated and it is
not possible to predict BM infiltration out of PB results
(23, 40). Furthermore, PB picture is not always predictive of
marrow involvement (41, 42), even though dogs with severe

and sensitive description of different subsets within a population.
The residual populations of non-neoplastic T lymphocytes are
easily identifiable in BCLs and they appear to play a role in the
progression of the neoplasm, thus suggesting an active influence
of the immune system on the tumor pathobiology and treatment
response. A higher percentage of regulatory T-cells (FoxP3+)
has proven to be an independent prognostic factor in BCLs (13)
and a recent study showed that higher percentages of CD5+ and
CD8+ lymphocytes and lower CD4+/CD8+ ratio at diagnosis
are associated with a lower likelihood of progression in dogs with
DLBCL treated with chemo-immunotherapy (31).
FC analysis of peripheral blood can be run to calculate the
lymphocyte-to-monocyte ratio. This ratio has been reported as an
independent prognostic factor and a value <=1.2 at the diagnosis
is associated with shorter time to progression and survival in dogs
with DLBCL treated with chemoimmunotherapy (32). Similar
cutoff (1.43) and results were obtained using a lymphocyte-tomonocyte ratio calculated from hematology reports in another
study (18), as also described in human medicine (33, 34).
Finally, the multiparametric approach of FC is extremely
useful also to identify rarer cases of two coexisting neoplasms,
such as T-zone lymphoma and BCL (35–37). An example is
shown in Figure 3, where both BCL and TZL populations are
shown at diagnosis, at the end of CHOP chemotherapeutic
protocol, and at relapse of BCL.

STAGING B-CELL LYMPHOMA
FC is an excellent tool for staging lymphoma (i.e., to identify
neoplastic cell infiltration in different tissues), in particular
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FIGURE 3 | Flow cytometric picture of a large B-cell lymphoma (LBCL) and a concurrent T-zone lymphoma (TZL) at presentation (row 1), end of CHOP chemotherapy
(row 2), and relapse of LBCL (row 3). Yellow gates (P6 and Q5-LR): LBCL cells. Green gates (R3 and Q5-UL): TZL cells. (A) plots (FSC vs. SSC): “morphologic”
presentation of the whole nodal population with gate (P5) activated for the analysis in plots (B,C); a prevalence of large-sized cells (higher FSC) is recognizable at
presentation and relapse while small and medium-sized cells are predominant at the end of chemotherapy. (B) plots (FSC vs. CD45): CD45 expression according to
cells size (FSC); the main population is represented by large CD45+ cells (P6, yellow) at presentation and relapse while it is made of medium CD45− cells (R3, green)
at the end of chemotherapy. (C) plots (CD45 vs. CD5): most of the events are CD45+CD5− (Q5-LR, yellow) at presentation and relapse while CD45-CD5+ cells
(Q5-UL, green) represent the majority of the population at the end of chemotherapy.

EVALUATION OF MINIMAL RESIDUAL
DISEASE

BM infiltration often show some hematological alterations
(thrombocytopenia, lymphocytosis, circulating neoplastic cells).
Thus, both tissues should be included in routine staging to
correctly stage the disease.
Regarding other BCL subtypes, a recent paper reported a
significant association between PB and BM infiltration and
prognosis in dogs affected with nodal MZL. Dogs with <30%
PB infiltration showed a significantly longer time to progression
while BM infiltration stratified cases in three groups (<1%;
1–20%; > = 20%) with different survival times (43).
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The major role of FC in the follow-up of lymphoma patients
is related to the identification of the minimal residual disease
(MRD) in PB, BM, and lymph node at the end of the
chemotherapeutic protocol. In humans, MRD evaluation plays
a key role in the treatment plans of hematologic malignancies
and allows individualized tailoring of therapies, in particular for
leukemic patients (44). Similar to staging, FC can detect residual
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lymphoma. FC can contribute to the discovery of new therapeutic
targets and identification of new drugs with the ultimate goal
of more individualized therapies. Some examples include studies
focusing on specific markers such as PD-1 / PD-L1 (47, 48), c-kit
(49), or characterizing cell behavior such as the proliferative and
/or apoptotic response to different molecules (50–56), or aimed to
produce and characterize of new monoclonal antibodies (57, 58).
The diagnostic usefulness of flow cytometric analysis in
dogs affected by lymphoma is increasing. In this review, we
summarized recently reported flow cytometric indexes and
features with clinical significance for canine B-cell lymphomas.
To confirm and validate the diagnostic and prognostic role
of these parameters, larger multicentric prospective studies are
warranted. Collectively, they represent important milestones in
the exploration of the full power of flow cytometry in veterinary
oncology. They lay the foundation to understand why similar
lymphomas behave differently and to improve the ability to
differentiate prognosis among B-cell neoplasms and within a
single lymphoma subtype. Currently, flow cytometry has the
highest diagnostic value if combined with other morphologic
techniques such as cytology and/or histology. Its potential will be
expanded in the future but we believe the right way is to aim for
the result of fully integrated multidisciplinary (flow cytometry,
histology, cytology, genetic, molecular) lymphoma diagnosis.

neoplastic cells in PB, BM, or lymph node looking for populations
with the same characteristics described at diagnosis, and thus it is
a useful tool to assess the efficacy of therapy.
A study evaluating MRD in lymph nodes, PB, and BM found
only a moderate agreement between FC and PARR at the end of
chemotherapy in dogs with DLBCL. Flow cytometric cutoff was
set at 1%. PARR was more sensitive than FC in predicting time to
relapse but only the combined interpretation of the two methods
was predictive of the overall survival (45). One of the reasons for
the only moderate concordance is the different sensitivity of the
two methods that in turn depends also on the threshold used
to define the positive and negative status. In this perspective, a
recent study showed a percentage >0.5% of large CD21+ cells
in lymph node to be predictive of a shorter time to relapse in
dogs with DLBCL in complete clinical remission (46). To the best
of our knowledge, no other studies have been published on the
prognostic significance of MRD in PB and BM so far.

FUTURE PERSPECTIVES
The development of new specific antibodies suitable for FC
and targeting more B-cell antigens may be useful to improve
the accuracy of the diagnosis of BCL and improve prognostic
abilities. In particular, specific antibodies recognizing plasma
cells (CD38) or immature B cells (CD20, CD19, CD10) labeled
with different fluorochromes are needed to be included in the
diagnostic panels.
The wide range of possible applications of FC makes it an
important tool for future developments in the field of canine

AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

REFERENCES

8. Arun SS, Breuer W, Hermanns W. Immunohistochemical examination
of light-chain expression (lambda/kappa ratio) in canine, feline, equine,
bovine and porcine plasma cells. Zentralbl Veterinarmed A. (1996) 43:573–6.
doi: 10.1111/j.1439-0442.1996.tb00489.x
9. Wilkerson MJ, Dolce K, Koopman T, Shuman W, Chun R, Garrett L,
et al. Lineage differentiation of canine lymphoma/leukemias and aberrant
expression of CD molecules. Vet Immunol Immunopathol. (2005) 106:179–96.
doi: 10.1016/j.vetimm.2005.02.020
10. Thalheim L, Williams LE, Borst LB, Fogle JE, Suter SE. Lymphoma
immunophenotype of dogs determined by immunohistochemistry,
flow cytometry, and polymerase chain reaction for antigen receptor
rearrangements. J Vet Intern Med. (2013) 27:1509–16. doi: 10.1111/jvim.12185
11. Gibson D, Aubert I, Woods JP, Abrams-Ogg A, Kruth S, Wood RD, et al. Flow
cytometric immunophenotype of canine lymph node aspirates. J Vet Intern
Med. (2004) 18:710–7. doi: 10.1111/j.1939-1676.2004.tb02610.x
12. Rütgen BC, König R, Hammer SE, Groiss S, Saalmüller A, Schwendenwein I.
Composition of lymphocyte subpopulations in normal canine lymph nodes.
Vet Clin Pathol. (2015) 44:58–69. doi: 10.1111/vcp.12221
13. Pinheiro D, Chang YM, Bryant H, Szladovits B, Dalessandri T, Davison LJ,
et al. Dissecting the regulatory microenvironment of a large animal model
of non-Hodgkin lymphoma: evidence of a negative prognostic impact of
FOXP3+ T cells in canine B cell lymphoma. PLoS ONE. (2014) 9:e105027.
doi: 10.1371/journal.pone.0105027
14. Pawlak A, Rapak A, Drynda A, Poradowski D, Zbyryt I, Dzimira S,
et al. Immunophenotypic characterization of canine malignant lymphoma:
a retrospective study of cases diagnosed in Poland Lower Silesia, over
the period 2011-2013. Vet Comp Oncol. (2016) 14(Suppl. 1):52–60.
doi: 10.1111/vco.12112
15. Wolf-Ringwall A, Lopez L, Elmslie R, Fowler B, Lori J, Sfiligoi G, et al.
Prospective evaluation of flow cytometric characteristics, histopathologic

1. Fournel-Fleury C, Magnol JP, Bricaire P, Marchal T, Chabanne L, Delverdier A,
et al. Cytohistological and immunological classification of canine malignant
lymphomas: comparison with human non-Hodgkin’s lymphomas. J Comp
Pathol. (1997) 117:35–59. doi: 10.1016/S0021-9975(97)80065-5
2. Valli VE, San Myint M, Barthel A, Bienzle D, Caswell J, Colbatzky
F, et al. Classification of canine malignant lymphomas according to
the world health organization criteria. Vet Pathol. (2011) 48:198–211.
doi: 10.1177/0300985810379428
3. Ponce F, Marchal T, Magnol JP, Turinelli V, Ledieu D, Bonnefont
C, et al. A morphological study of 608 cases of canine malignant
lymphoma in France with a focus on comparative similarities between
canine and human lymphoma morphology. Vet Pathol. (2010) 47:414–33.
doi: 10.1177/0300985810363902
4. Ito D, Brewer S, Modiano JF, Beall MJ. Development of a novel anti-canine
CD20 monoclonal antibody with diagnostic and therapeutic potential. Leuk
Lymphoma. (2015) 56:219–25. doi: 10.3109/10428194.2014.914193
5. Rue SM, Eckelman BP, Efe JA, Bloink K, Deveraux QL, Lowery D,
et al. Identification of a candidate therapeutic antibody for treatment of
canine B-cell lymphoma. Vet Immunol Immunopathol. (2015) 164:148–59.
doi: 10.1016/j.vetimm.2015.02.004
6. Jain S, Aresu L, Comazzi S, Shi J, Worrall E, Clayton J, et al. The
development of a recombinant scfv monoclonal antibody targeting canine
CD20 for use in comparative medicine. PLoS ONE. (2016) 11:e0148366.
doi: 10.1371/journal.pone.0148366
7. Comazzi S, Gelain ME, Spagnolo V, Riondato F, Guglielmino R, Sartorelli
P. Flow cytometric patterns in blood from dogs with non-neoplastic and
neoplastic hematologic diseases using double labeling for CD18 and CD45.
Vet Clin Pathol. (2006) 35:47–54. doi: 10.1111/j.1939-165X.2006.tb00088.x

Frontiers in Veterinary Science | www.frontiersin.org

7

March 2021 | Volume 8 | Article 600986

Riondato and Comazzi

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Flow Cytometry in Canine B-Lymphomas

33. Lee SF, Ng TY, Spika D. Prognostic value of lymphocyte-monocyte ratio
at diagnosis in Hodgkin lymphoma: a meta-analysis. BMC Cancer. (2019)
19:338. doi: 10.1186/s12885-019-5552-1
34. Stefaniuk P, Szymczyk A, Podhorecka M. The Neutrophil to lymphocyte and
lymphocyte to monocyte ratios as new prognostic factors in hematological
malignancies – a narrative review. Cancer Manag Res. (2020) 12:2961–77.
doi: 10.2147/CMAR.S245928
35. Mizutani N, Goto-Koshino Y, Takahashi M, Uchida K, Tsujimoto H. Clinical
and histopathological evaluation of 16 dogs with T-zone lymphoma. J Vet Med
Sci. (2016) 78:1237–44. doi: 10.1292/jvms.15-0688
36. Matsuyama A, Bienzle D, Richardson D, Deravi N, Hwang MH, Darzentas
N, et al. Composite lymphoma of concurrent T zone lymphoma and
large cell B cell lymphoma in a dog. BMC Vet Res. (2019) 15:413.
doi: 10.1186/s12917-019-2154-8
37. Long ME, Evans B, Avery AC, Wellman ML. Lymphocytosis and
lymphadenopathy in a dog arising from two distinct lymphoid neoplasms. Vet
Clin Pathol. (2020) 49:307–11. doi: 10.1111/vcp.12855
38. Riondato F, Miniscalco B, Poggi A, Aricò A, Aresu L, Comazzi S, et al.
Analytical and diagnostic validation of a flow cytometric strategy to quantify
blood and marrow infiltration in dogs with large B-cell lymphoma. Cytometry
B Clin Cytom. (2016) 90:525–30. doi: 10.1002/cyto.b.21353
39. Riondato F, Martini V, Poggi A, Massaglia I, Comazzi S, Borrelli A, et al.
Identification of peripheral blood involvement in dogs with large B-cell
lymphoma: Comparison of different methods. Res Vet Sci. (2017) 115:288–93.
doi: 10.1016/j.rvsc.2017.05.027
40. Marconato L, Martini V, Aresu L, Sampaolo M, Valentini F, Rinaldi V, et al.
Assessment of bone marrow infiltration diagnosed by flow cytometry in
canine large B cell lymphoma: prognostic significance and proposal of a
cut-off value. Vet J. (2013) 197:776–81. doi: 10.1016/j.tvjl.2013.05.003
41. Graff EC, Spangler EA, Smith A, Denhere M, Brauss M. Hematologic
findings predictive of bone marrow disease in dogs with multicentric large-cell
lymphoma. Vet Clin Pathol. (2014) 43:505–12. doi: 10.1111/vcp.12182
42. Martini V, Melzi E, Comazzi S, Gelain ME. Peripheral blood abnormalities and
bone marrow infiltration in canine large B-cell lymphoma: is there a link? Vet
Comp Oncol. (2015) 13:117–23. doi: 10.1111/vco.12024
43. Marconato L, Comazzi S, Aresu L, Riondato F, Stefanello D, Ferrari R, et al.
Prognostic significance of peripheral blood and bone marrow infiltration
in newly-diagnosed canine nodal marginal zone lymphoma. Vet J. (2019)
246:78–84. doi: 10.1016/j.tvjl.2019.02.002
44. DiGiuseppe JA, Wood BL. Applications of flow cytometric
immunophenotyping in the diagnosis and posttreatment monitoring of
B and T lymphoblastic leukemia/lymphoma. Cytometry B Clin Cytom. (2019)
96:256–65. doi: 10.1002/cyto.b.21833
45. Aresu L, Aricò A, Ferraresso S, Martini V, Comazzi S, Riondato F,
et al. Minimal residual disease detection by flow cytometry and PARR
in lymph node, peripheral blood and bone marrow, following treatment
of dogs with diffuse large B-cell lymphoma. Vet J. (2014) 200:318–24.
doi: 10.1016/j.tvjl.2014.03.006
46. Chalfon C, Martini V, Comazzi S, Aresu L, Stefanello D, Riondato F, et al.
Minimal residual disease in lymph nodes after achievement of complete
remission predicts time to relapse in dogs with large B-cell lymphoma. Vet
Comp Oncol. (2019) 17:139–46. doi: 10.1111/vco.12453
47. Kumar SR, Kim DY, Henry CJ, Bryan JN, Robinson KL, Eaton AM.
Programmed death ligand 1 is expressed in canine B cell lymphoma and
downregulated by MEK inhibitors. Vet Comp Oncol. (2017) 15:1527–36.
doi: 10.1111/vco.12297
48. Hartley G, Elmslie R, Dow S, Guth A. Checkpoint molecule expression
by B and T cell lymphomas in dogs. Vet Comp Oncol. (2018) 16:352–60.
doi: 10.1111/vco.12386
49. Giantin M, Aresu L, Aricò A, Gelain ME, Riondato F, Comazzi S,
et al. Evaluation of tyrosine-kinase receptor c-kit mutations, mRNA
and protein expression in canine lymphoma: might c-kit represent
a therapeutic target? Vet Immunol Immunopathol. (2013) 154:153–9.
doi: 10.1016/j.vetimm.2013.05.014
50. McCall JL, Burich RA, Mack PC. GCP, a genistein-rich compound, inhibits
proliferation and induces apoptosis in lymphoma cell lines. Leuk Res. (2010)
34:69–76. doi: 10.1016/j.leukres.2009.03.025

diagnosis and clinical outcome in dogs with naïve B-cell lymphoma treated
with a 19-week CHOP protocol. Vet Comp Oncol. (2020) 18:342–52.
doi: 10.1111/vco.12553
Comazzi S, Gelain ME. Use of flow cytometric immunophenotyping to refine
the cytological diagnosis of canine lymphoma. Vet J. (2011) 188:149–55.
doi: 10.1016/j.tvjl.2010.03.011
Gelain ME, Mazzilli M, Riondato F, Marconato L, Comazzi S. Aberrant
phenotypes and quantitative antigen expression in different subtypes of
canine lymphoma by flow cytometry. Vet Immunol Immunopathol. (2008)
121:179–88. doi: 10.1016/j.vetimm.2007.09.018
Davies O, Szladovits B, Polton G, Garden OA, Leo C, Lara-Garcia
A. Prognostic significance of clinical presentation, induction and rescue
treatment in 42 cases of canine centroblastic diffuse large B-cell multicentric
lymphoma in the United Kingdom. Vet Comp Oncol. (2018) 16:276–87.
doi: 10.1111/vco.12378
Joetzke AE, Eberle N, Nolte I, Mischke R, Simon D. Flow cytometric
evaluation of peripheral blood and bone marrow and fine-needle aspirate
samples from multiple sites in dogs with multicentric lymphoma. Am J Vet
Res. (2012) 73:884–93. doi: 10.2460/ajvr.73.6.884
Rout E, Hughes KL, Boostrom BO, Seelig DM, Avery AC, Avery PR. Indolent
T-cell-rich small B-cell hepatic lymphoma in a Golden Retriever. Clin Case
Rep. (2018) 6:1436–44. doi: 10.1002/ccr3.1580
Poggi A, Miniscalco B, Morello E, Comazzi S, Gelain ME, Aresu L, et al. Flow
cytometric evaluation of ki67 for the determination of malignancy grade in
canine lymphoma. Vet Comp Oncol. (2015) 13:475–80. doi: 10.1111/vco.12078
Sulce M, Marconato L, Aresu L, Fiorentin P, Melega M, Poggi A, et al.
Significance of cell size evaluated by flow cytometry in canine lymphoma.
Third Meeting of the European Canine Lymphoma Group, Workshop
Proceedings. (Lugano). (2017). p. 24.
Cozzi M, Marconato L, Martini V, Aresu L, Riondato F, Rossi F, et al.
Canine nodal marginal zone lymphoma: descriptive insight into the biological
behaviour. Vet Comp Oncol. (2018) 16:246–52. doi: 10.1111/vco.12374
Seelig DM, Avery AC, Ehrhart EJ, Linden MA. The comparative diagnostic
features of canine and human lymphoma. Version 2. Vet Sci. (2016) 3:11.
doi: 10.3390/vetsci3020011
Richards KL, Motsinger-Reif AA, Chen HW, Fedoriw Y, Fan C,
Nielsen DM, et al. Gene profiling of canine B-cell lymphoma reveals
germinal center and postgerminal center subtypes with different
survival times, modeling human DLBCL. Cancer Res. (2013) 73:5029–39.
doi: 10.1158/0008-5472.CAN-12-3546
Frantz AM, Sarver AL, Ito D, Phang TL, Karimpour-Fard A, Scott MC,
et al. Molecular profiling reveals prognostically significant subtypes of canine
lymphoma. Vet Pathol. (2013) 50:693–703. doi: 10.1177/0300985812465325
Rao S, Lana S, Eickhoff J, Marcus E, Avery PR, Morley PS, et al. Class II major
histocompatibility complex expression and cell size independently predict
survival in canine B-cell lymphoma. J Vet Intern Med. (2011) 25:1097–105.
doi: 10.1111/j.1939-1676.2011.0767.x
Miniscalco B, Poggi A, Martini V, Morello E, Sulce M, Melega M, et al.
Flow cytometric characterization of S-phase fraction and ploidy in lymph
node aspirates from dogs with lymphoma. J Comp Pathol. (2018) 161:34–42.
doi: 10.1016/j.jcpa.2018.04.005
Poggi A, Miniscalco B, Morello E, Gattino F, Delaude A, Ferrero Poschetto
L, et al. Prognostic significance of Ki67 evaluated by flow cytometry in
dogs with high-grade B-cell lymphoma. Vet Comp Oncol. (2017) 15:431–40.
doi: 10.1111/vco.12184
Mizutani N, Goto-Koshino Y, Tsuboi M, Kagawa Y, Ohno K, Uchida K, et al.
Evaluation of CD25-positive cells in relation to the subtypes and prognoses
in various lymphoid tumours in dogs. Vet Immunol Immunopathol. (2016)
173:39–43. doi: 10.1016/j.vetimm.2016.03.018
Martini V, Aresu L, Riondato F, Marconato L, Cozzi M, Stefanello D, et al.
Prognostic role of non-neoplastic lymphocytes in lymph node aspirates from
dogs with diffuse large B-cell lymphoma treated with chemo-immunotherapy.
Res Vet Sci. (2019) 125:130–5. doi: 10.1016/j.rvsc.2019.06.003
Marconato L, Martini V, Stefanello D, Moretti P, Ferrari R, Comazzi S, et al.
Peripheral blood lymphocyte/monocyte ratio as a useful prognostic factor in
dogs with diffuse large B-cell lymphoma receiving chemoimmunotherapy. Vet
J. (2015) 206:226–30. doi: 10.1016/j.tvjl.2015.07.009

Frontiers in Veterinary Science | www.frontiersin.org

8

March 2021 | Volume 8 | Article 600986

Riondato and Comazzi

Flow Cytometry in Canine B-Lymphomas

57. Diab M, Nguyen F, Berthaud M, Maurel C, Gaschet J, Verger E, et al.
Production and characterization of monoclonal antibodies specific for canine
CD138 (syndecan-1) for nuclear medicine preclinical trials on spontaneous
tumours. Vet Comp Oncol. (2017) 15:932–51. doi: 10.1111/vco.12233
58. Lisowska M, Pawlak A, Kutkowska J, Hildebrand W, Ugorski M, Rapak
A, et al. Development of novel monoclonal antibodies to dog leukocyte
antigen DR displaying direct and immune-mediated cytotoxicity toward
canine lymphoma cell lines. Hematol Oncol. (2018) 36:554–60. doi: 10.1002/
hon.2507

51. Pawlak A, Rapak A, Zbyryt I, Obmińska-Mrukowicz B. The effect of common
antineoplastic agents on induction of apoptosis in canine lymphoma and
leukemia cell lines. In vivo. (2014) 28:843–50.
52. Lawrence JA, Huelsmeyer MK, Thamm DH, Tumas DB, Birkus G, Kurzman
I, et al. Novel acyclic nucleotide analogues GS-343074 and GS-424044
demonstrate antiproliferative and pro-apoptotic activity in canine neoplastic
cell lines. Vet Comp Oncol. (2015) 13:246–54. doi: 10.1111/vco.12038
53. Tsuji S, Yabe R, Usui T, Mizuno T, Ohama T, Sato K. Anti-tumor effects
of perphenazine on canine lymphoma. J Vet Med Sci. (2016) 78:1293–8.
doi: 10.1292/jvms.15-0707
54. Meichner K, Fogle JE, English L, Suter SE. Expression of apoptosis-regulating
proteins Bcl-2 and bax in lymph node aspirates from dogs with lymphoma. J
Vet Intern Med. (2016) 30:819–26. doi: 10.1111/jvim.13937
55. Pawlak A, De Miguel D, Kutkowska J, Obmińska-Mrukowicz B, Rapak
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