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Figure 3. ¢cBCL and hDLCBL cocluster using human ABC/GCB classifier genes. Expression data from 203 hDLBCLs were combined with 58 cBCL expression
profiles. DWD was used to remove systematic biases between the two groups, and unsupervised hierarchical clustering was conducted using the listed
genes. Red branches are cBCL samples and black branches are hDLBCL samples.

higher expression of both genes, with an average 10.46-fold
higher expression of IRAKIBPI and 7.44-fold higher expression
of STAT4. To further confirm biologic differences, we also
conducted immunoblotting for p65 (RelA). This protein has
previously been shown to be active in a majority of cDLBCLs,
with activation of downstream targets in approximately half of
c¢DLBCLs (37). In our samples, we observed higher total cellular
expression of p65, concordant with the mRNA expression data.
Phospho-p65 was also present in the majority of samples
(Supplementary Fig. S3). One of the top two canonical path-
ways found in our pathway analysis was the B-cell receptor
signaling pathway, with a P value of 2.79 x 10~ ° (Fig. 5A). To
ensure that inclusion of MZLs was not obscuring our ability to
define subgroups, we repeated the entire gene expression
analysis using only known DLBCLs (n = 32), and found no
substantial differences, other than loss of statistical signifi-
cance in the survival analyses, presumably due to smaller
sample size (data not shown). Collectively, these data indicate
that B-cell survival pathways are conserved as differentiators of
cBCL subtypes, albeit in some cases with different pathway
members differentially expressed than those in humans.

Canine lymphomas have all undergone SHM, and a
subgroup exhibits ongoing SHM

To further explore a potential ABC/GCB distinction in ¢cBCL,
we attempted to assess other phenotypes associated with ABC/
GCB subgroups. We obtained the IGHV sequence from 53 of 58
dogs and compared each with published parental germline
sequences (38). There was an obvious difference in the degree
of ongoing SHM in the canine samples (Supplementary Table
S3). We divided the dogs into two groups based on this

phenotype; there were no genes significantly differentially
expressed between the two groups when analyzed by SAM
analysis. However, there was a significant difference in the
progression-free survival (P = 0.018) between dogs with ongo-
ing versus static IGHV hypermutation (Fig. 6A). The same
trend was true when the 32 DLBCLs were analyzed separately,
although the Pvalue was no longer significant with the smaller
sample size (P = 0.10 for PFS). Notably, MZLs were also found
in both ongoing and static IGHV groups, but the sample size
was too small for survival analysis (z = 5).

It has been reported in a small number of patients with
hDLBCL that ABC/GCB phenotype is well correlated with
IGHV status (ongoing vs. static; ref. 7). However, the two
phenotypes were not well correlated in patients with cBCL,
as shown in Fig. 6B. On the basis of hDLBCL, static IGHV
mutation status should be correlated with the group of dogs
that is more similar to ABC hDLBCL. However, the x> test
showed no statistically significant difference, though it was
trending in that direction (P = 0.097). In addition, a multivar-
iate analysis using both IGHV status and GEP failed to show
that either was independently predictive of survival.

We also analyzed the IGHV parental gene used in each
lymphoma. Humans have 123 IGHV genes, including 79 pseu-
dogenes, that fall into seven gene families (39). Dogs have a
total of 80 IGHV genes, including 39 pseudogenes, which fall
into three gene families, but the majority (76) are in VHI, the
human VH3 family ortholog (38). The majority (57%) of cBCLs
used VH1-44. This is the second most commonly used parental
gene in normal canine B cells (23%; ref. 38). Parental gene usage
in cBCL was significantly different from usage in normal B-cells
(P < 0.0002), indicating a bias in IGHV usage in ¢cBCL. When
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Figure 4. Clustering of cBCLs using human ABC/GCB classifier genes. A, hierarchical clustering of gene expression data reveal two groups of cBCLs that are
not robustly separated. Also, genes more highly expressed in ABC lymphomas (teal) do not cluster distinctly from the genes more highly expressed in GCB
lymphomas (orange) on the vertical axis. B, Kaplan—Meier survival curves and Cox regression analysis were conducted on the two groups. Overall and
progression-free survival by ABC/GCB grouping approaches, but does not reach, statistical significance.

looking at MZL (2 of 5, or 40%, used VH1-44) and DLBCL (29 of
52, or 56% used VHI-44) separately, results were similar,
although the number of MZLs was too small for statistical
comparisons.

Discussion

In contrast to other available models, the population of pet
dogs in the United States represents a diverse and abundant
source of spontaneously occurring lymphomas (18, 19, 40).
Recently, with improvements in genomic technologies and the
advent of subspecialty veterinary care, including oncology, this
readily available resource is now primed for use to augment
clinic research. This study represents the first molecular
analysis of ¢cBCL combining modalities (GEP, IHC, and IGHV
status) specifically aimed at defining molecular similarities to
hDLBCL. We initially used antibodies against known human
antigens that are expressed by either germinal center cells or
post-GCBs in an effort to determine if ¢cBCL can also be

separated into these subtypes. Although the anti-human CD10,
BCL6, and MUM1/IRF4 antibodies all cross-reacted with the
canine antigens, the rare positivity for BCL6 and MUM1/IRF4
make human immunohistochemical algorithms less useful.
This reinforces the notion that different proteins may be the
hallmarks of ¢cBCL subtypes, as compared with hDLBCL. Even
if GCB and ABC correlates are not strictly conserved in dogs,
discovering immunohistochemical stains to distinguish the
germinal center and postgerminal center subtypes we char-
acterized in this report will be important for prognostic
purposes.

Our cBCLs were separable into two major histologic sub-
types by lymph node morphology, which corroborates previous
studies (21). The majority (32 of 39 or 82%) were cDLBCL and 7
of 39 (18%) were canine MZLs. Our analyses revealed no
distinctions that reliably separated these two histologic sub-
types, similar to a recently published analysis with a smaller
number of ¢BCLs (10 DLBCL, five MZL; ref. 20). Gene
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expression profiles were similar, with no genes differentially
expressed between the two groups in our samples (albeit with
only seven MZLs). Franz and colleagues also found similar gene
expression profiles, but did find genes that were differentially
expressed between cMZL and cDLBCL. However, it is possible
that the smaller number of ¢cBCLs in that study could account
for this. In our study, MZLs and DLBCLs also were not
distinguishable by IHC, IGHV mutation status, or by ABC/
GCB subtyping. Furthermore, we repeated our entire analysis
using only DLBCLs (r = 32), and found no substantial differ-
ences from our findings presented here, other than loss of
statistical significance in the survival analyses, presumably due
to smaller sample size (data not shown). Theoretically, canine
MZL could begin as an indolent disease that is not detected
early in its course and then progresses to a more aggressive
form in the later stages when enlarged peripheral lymph nodes
become apparent. In any case, it seems that by the time canine
MZL is clinically detectable, the disease is as biologically
aggressive as DLBCL and molecularly similar to it. Therefore,
lymph node morphology in canine B-cell LSA may not be
prognostic or clinically relevant at this time. More canine MZL
cases will need to be studied before making any final
conclusions.

Similar to hDLBCL, we found heterogeneity in gene expres-
sion using microarray analysis. Genes that distinguish ABC and
GCB subtypes in hDLBCL separate cBCL into two groups.
Using this distinction to select a canine-specific set of differ-
entially expressed genes, yields two distinct groups with sta-
tistically different survival times. Furthermore, these canine-
specific "ABC/GCB" discriminating genes, while different from
the human ABC/GCB gene list, are involved in the same
pathways and processes (e.g., NF-KB signaling and B-cell
receptor signaling). The importance of B-cell receptor signal-
ing in canine lymphoma has been shown previously by
responses to ibrutinib, an inhibitor of B-cell receptor signaling,
in a subset of patients with cBCL (41). NF-kB signaling in ¢cBCL
is complex, showing both similarities and differences to
hDLBCL in both our results and in other reports (37). Our
protein studies of NF-xB support differential expression of
pathway members found by GEP, although future studies using
nuclear extracts/staining will be needed to definitively show
activation of the pathway in canine ABC-like DLBCL. These
and other studies, including generation of canine lymphoma
cell lines and more detailed study of molecular aberrations in
these lymphomas, will be necessary to definitively determine
whether both ABC and GCB subtypes exist in ¢cBCL.
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Figure 6. IGH mutation status predicts survival in cBCL. The IGHV gene was subcloned and sequenced in 53 cBCL, which were then categorized as "ongoing"
(many different subclones, indicating ongoing SHM) or "static" (subclones identical or nearly identical, indicating completed SHM). A, Kaplan—Meier survival
curves and Cox regression were conducted on the two groups. B, overlap between groups defined by canine "ABC/GCB" genes (Fig. 5) and IGHV status is

shown. P = 0.097 for the »° test.

Like ABC/GCB gene expression pattern, IGH status (ongoing
SHM vs. completed SHM) also identified two ¢cBCL groups with
statistically different survival times. In hDLBCL, these two
phenotypes (ABC/GCB gene expression pattern and complet-
ed/ongoing SHM) are reported to be overlapping in most cases.
However, this observation is based on a limited number of
samples (n = 14) and may not be as perfectly correlated as
previously reported (7). If that is the case, ongoing SHM may be
a better predictor of survival in hDLBCL, as it is in ¢BCL.
Further study of SHM in hDLBCL is therefore warranted.

Several limitations of our study should be highlighted. The
enrolled dogs were not part of a clinical trial, so while they were
generally treated with a standard first-line CHOP-based pro-
tocol, variability in treatment did occur. Uniform treatment
should increase the statistical power of future results. Another
source of heterogeneity is the type of biopsy (39 excisional
biopsies and 19 FNAs for the gene expression studies). Both
types of biopsies were equally represented in both classes of
canine lymphomas in both Figs. 5 and 6 (x” test; P> 0.25 in both
cases), making bias caused by type of biopsy unlikely in this
study. Additional excisional biopsies will be needed to ade-
quately power studies of whether stromal expression signa-
tures are relevant in ¢cBCL. Finally, as many different breeds
were included, our study does not address the existence of

breed-specific lymphoma subtypes, which could be of interest.
Our data create a reference group against which future breed-
specific cohorts can be compared.

In conclusion, our work represents a first combination
approach using detailed immunohistochemical and molecular
characterization of ¢cBCL, thus providing a pathway for this
widely available resource to be further developed as a large-
animal model for the study of hDLBCL. Our data are consistent
with a germinal center and postgerminal center phenotype in
¢BCL, although how closely these mimic human GCB and ABC
subtypes clinically remains to be determined. As molecular
similarities are better defined, pet dogs will be useful in clinical
trials with new agents that target particular molecular sub-
types of lymphoma with aberrations that are shared between
canines and humans. Given the lack of shared specific genes
that are aberrantly expressed, comparative translational oncol-
ogy will likely focus more on conserved pathways that are
deranged rather than specific gene products. Targeting these
shared pathways in patients with canine lymphoma will allow
the rapid development of new therapies by gathering phar-
macokinetic/pharmacodynamic and efficacy data from the
same model organism. This study provides an important step
toward the development of a more faithful and representative
animal model for the development of hDLBCL therapeutics.
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