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Combined immunohistochemical profile CD10/LMO2/MYC is a useful 
tool to screen MYC rearrangements in aggressive large B‑cell 
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Abstract
Aggressive large B-cell lymphomas (LBCL) are a heterogeneous group of lymphomas with variable biological characteris-
tics, for which the identification of MYC rearrangements (MYCr) is a defining and prognostic feature. Both the International 
Consensus Classification and the 5th edition of the World Health Organization Classification of Hematolymphoid Tumors rec-
ommend performing cytogenetic studies in all aggressive LBCL to detect MYCr. Since MYCr incidence is low, cost-effective 
screening tools are necessary. We asked whether the immunohistochemical combined profile of CD10, LMO2, and MYC 
could be a useful tool to screen for MYCr. For this purpose, we used two strategies: first, a scoring system assigning 0 points 
each for CD10 − , LMO2 + , and MYC − and 1 point for CD10 + , LMO2 − , and MYC + , adding the results, and second, an 
algorithm that selected tumors with CD10 + /LMO2 − profile and/or MYC overexpression. All analyses were performed in a 
training series including 482 cases from a single center and a validation series of 124 patients from two centers. The resulting 
system classified cases in scores from 0 to 3. Scores 0 and 1 had low MYCr (0/92 and 7/224, 3%, respectively), being higher 
for scores 2 (40/98, 41%) and 3 (61/68, 90%) (P < 0.001) in the training cohort. The incidence of MYCr in the validation 
series was as follows: score 0, 0/29 cases; score 1, 3/64 (5%); score 2, 10/23 (43.5%); score 3, 8/8 (P < 0.001). Sensitivity 
and negative predictive values were respectively 93.5% and 97.8% for the training and 85.7% and 96.8% for the validation 
cohorts. The algorithm rescued 2 and 1 MYCr cases included in score 1 from both series. In conclusion, we suggest that both 
approaches combining the interpretation of CD10/LMO2/MYC by immunohistochemistry are useful to screen for MYCr.
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Introduction

Aggressive large B-cell lymphomas (LBCL) is a heteroge-
neous group of tumors comprising different types of dif-
fuse large B-cell lymphoma (DLBCL), transformed DLBCL 

(tDLBCL), high-grade B-cell lymphomas (HGBCL) carry-
ing BCL2 and/or BCL6 rearrangements, HGBCL not other-
wise specified (HGBCL-NOS), and Burkitt lymphoma (BL) 
[1, 2]. MYC is a relevant gene defining some of these entities 
and the presence of MYC rearrangements (MYCr) confers an 
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unfavorable prognosis for these diseases. However, MYCr 
incidence is low among the whole group of aggressive 
LBCL, ranging from 5 to 15% in most papers [3–5].

Intermediate, blastoid, and large cell morphology are the 
common features of aggressive LBCL. This morphologi-
cal approach, in addition to distinct clinical features, is the 
starting point in the classification of this group of tumors 
with the subsequent use of ancillary techniques, first using 
immunohistochemistry (IHC) and later adding cytogenetic 
and molecular techniques, if possible.

The current classification systems, the International Con-
sensus Classification (ICC) and the 5th edition of the World 
Health Organization Classification of Hematolymphoid 
Tumors (WHO-HAEM5), recommend performing cytoge-
netic studies in all aggressive LBCL to detect MYCr, mainly 
by fluorescence in  situ hybridization (FISH). However, 
because of the low prevalence of MYCr, since MYC IHC 
detection alone is not a good surrogate marker, and due to 
FISH testing not being affordable everywhere, cost-effective 
screening tools are necessary. Several studies have used dif-
ferent approaches to identify MYCr, namely the evaluation 
of double expression of MYC and BCL2, the utilization of 
varied cutoffs for MYC IHC, the usage of other methods 
such as qRT-PCR, or the contribution of gene expression 
profiling to the IHC approach [3, 6–9]. Some of these meth-
ods have shown very good results but are even more difficult 
than FISH to be translated into clinical practice and are not 
readily applicable as screening tools.

Previous studies undertaken by our own group and oth-
ers have observed the utility of the detection of LMO2 by 
IHC to identify MYCr [10–14]. Whereas LMO2 was highly 
efficient to detect MYCr among CD10 positive aggressive 
LBCL and GCB-like cases according to the Hans algorithm, 
MYC IHC remained useful among CD10 negative as well as 
non-GCB-like cases. LMO2 IHC detection was particularly 
useful when evaluated in whole tissue sections, and offered 
very high intra and interlaboratory reproducibility, as well as 
high interobserver reproducibility [11, 15]. All these results 
were similar or even better when compared with MYC IHC 
protein expression.

In the present study, we have added LMO2 to MYC IHC, 
benefiting from the utility of both markers. With this, we 
have assessed whether the combination of CD10, LMO2, 
and MYC expression detected by IHC offers superior results 
as a screening tool to identify MYCr in comparison to the 
individual detection of LMO2 or MYC based on CD10 
expression. We have used two strategies: first, by using a 
scoring system and analyzing its association with MYCr, and 
second, using an algorithm that indicated when cases should 
be evaluated by MYC FISH. We have first studied a training 
series including 482 cases from a single center, evaluated by 
the same group of pathologists and cytogenetists. To vali-
date the results, we have studied an additional series of 124 

cases evaluated by two different groups of interpreters from 
two centers. Both approaches suggested that the combined 
interpretation of CD10/LMO2/MYC by IHC is useful to 
screen MYCr.

Materials and methods

Case selection

All cases were selected based on clinical information and 
availability of formalin-fixed paraffin-embedded (FFPE) tis-
sue. A total number of 606 cases were evaluated by IHC and 
FISH methods. A training cohort of 482 cases was selected 
from the files of the Hospital del Mar, Barcelona, Spain. 
Cases were studied between September 2014 and January 
2024. The validation series included 124 cases selected from 
the Consorci Sanitari Parc Tauli, Sabadell, Spain (54 cases) 
and Hospital Germans Trias I Pujol, Badalona, Spain (70 
cases). Cases were consecutively diagnosed in whole tissue 
sections. The diagnoses were updated following the criteria 
of the ICC and WHO-HAEM5 classifications, and patients 
with primary mediastinal large B-cell lymphoma, T-cell/
histiocyte-rich LBCL, plasmablastic lymphomas, HHV8-
positive DLBCL, primary effusion lymphomas, intravascu-
lar LBCL, DLBCL associated with chronic inflammation, 
fibrin-associated DLBCL, and lymphomatoid granulomato-
sis were not included. The incidence of MYCr was slightly 
higher in the training series (22%) compared with the valida-
tion series (17%) because the training series was enriched in 
external cases sent for consultation and cytogenetic studies.

The Ethics Committee of the Hospital del Mar 
(2017/7481/I) approved the study. Informed consent to use 
both clinical data and histological material was obtained in 
accordance with the Declaration of Helsinki.

As the clinical behavior of the cases was not evaluated in 
this study, we decided to abbreviate HGBCL with MYC and 
BCL2 rearrangements, HGBCL with MYC and BCL6 rear-
rangements, and cases carrying simultaneous MYCr, BCL2r, 
and BCL6r as HGBL-DH/TH.

Immunohistochemical panel

Each case comprised a set of slides including hematoxy-
lin and eosin and a panel of IHC markers including CD10 
(clone SP67), BCL6 (clone GI191E-A8), MUM-1/IRF4 
(clone MRQ-43), LMO2 (clone SP51), and MYC (clone 
Y69), all from Ventana, Roche, Tucson, AZ, USA. The cut-
off used for CD10, BCL6, MUM1/IRF4, and LMO2 was 
30% and cases with staining over the cutoff were rated as 
positive. For MYC evaluation, we used a cutoff of 40%.
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Cell of origin (COO) was determined by IHC according 
to the Hans algorithm [16], performed consecutively during 
routine diagnostics, and included in pathology reports.

IHC scoring system and algorithm construction 
with CD10, LMO2, and MYC

We generated a score for each case based on the sum of 
CD10, LMO2, and MYC IHC expression. The score 
assigned 0 or 1 point to each marker based on the results 
obtained in our previous studies. Thus, CD10 and MYC 
negative IHC expression and LMO2 positive expression 
received 0 points each. As an example, as shown in Fig. 1A, 
a CD10 − /LMO2 + /MYC − profile added 0 points. A score 
of 1 point was assigned for CD10 and MYC expression, and 
LMO2 negative expression.

We designed an algorithm that is shown in Fig. 1B. The 
decision tree was based on two or three steps, aiming to 
select or exclude cases for MYC FISH testing. The first step 

depended on CD10 expression and the second depended 
on LMO2 expression. All cases with the profile CD10 + /
LMO2 − were elected for FISH testing. In the third step, all 
LMO2 + cases were selected for FISH if MYC was simul-
taneously positive. Among CD10 − /LMO2 − cases, MYC 
expression indicated FISH and a MYC negative result was 
not tested. Cases with CD10 + /LMO2 + /MYC − profile 
were not selected for testing. To summarize, the algorithm 
selected cases for MYC FISH testing when MYC pro-
tein expression was over 40% and/or cases with CD10 + /
LMO2 − profile.

Fluorescence in situ hybridization (FISH)

FISH analyses using break-apart probes specific for MYC 
(8q24) and BCL6 (3q27) and dual fusion probes IGH/BCL2 
(all from Vysis, Abbott Molecular, Des Plainescity, IL, 
USA) were performed during routine diagnostics as previ-
ously described [12]; the cutoff values for interphase FISH 

Fig. 1   Examples of the scoring system (A). In the upper line, the 
CD10 − /LMO2 + /MYC − profile received a score of 0. In the lower 
line, the CD10 + /LMO2 − /MYC + profile was scored 3. Algorithm 

designed (B). This can be summarized as follows: test cases with 
CD10 + /LMO2 − profile and/or MYC expression
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analyses were established following the criteria of Ventura 
et al. [17].

In this study, we have emphasized the detection of MYCr, 
which can be the starting point for the detection of the addi-
tional rearrangements of BCL2 and BCL6 in aggressive 
LBCL.

Statistical analysis

Multivariate analysis was carried out using R studio 
2023.03.0 software, R version 4.3.0 (2023–04-21 ucrt), and 
SPSS statistics v28 (IBM Corp., Armonk, NY, USA). Data 
was also analyzed using Microsoft Excel 2016 (Microsoft 
Corporation, Redmond, WA, USA). The decision trees were 
generated using the rpart.plot package and visualized using 
the rpart function. To estimate the area under the curve and 
to determine the optimal threshold in relation to the estab-
lished score, the pROC package was used. Youden’s method 
was used to calculate the optimal threshold. The ROC curves 
allowed us to analyze if the scoring method distinguished 
properly between cases carrying MYCr and no-MYCr cases 
[18].

Accuracy, sensitivity, specificity, and positive/negative 
predictive ratios were calculated for the scoring system and 
the algorithm designed. Likelihood positive and negative 
ratios were calculated to evaluate the diagnostic accuracy of 
the results obtained. P values < 0.05 were considered statisti-
cally significant for all tests [19].

Results

Clinicopathological features

The training cohort included the following: 82 tDLBCL (81 
transformed follicular lymphomas-tFL- and 1 transformed 
marginal zone lymphoma), 330 DLBCL, 39 HGBCL-DH/
TH, 7 HGBCL-NOS, and 24 BL. The median age of the 
patients was 65 years (range 6–96 years), and there were 
277 (57%) men and 205 (43%) women. The site of diagnosis 
included lymph nodes in 245 (51%) cases and extranodal 
sites in 237 (49%). The validation series included the follow-
ing: 10 tDLBCL (all tFL), 96 DLBCL, 10 HGBCL-DH/TH, 
3 HGBCL-NOS, and 5 BL. The median age of the patients 
was 65 years (range 24–91 years), and there were 80 (64.5%) 
men and 44 (35.5%) women. Table 1 shows the immunophe-
notypical and FISH results of both series. The distribution of 
the entities and the prevalence of MYCr were similar among 
series. The Pearson correlation coefficient was 0.62 between 
the series and is shown in supplementary Figure S1.

In both series, there was a significant statistical asso-
ciation between CD10, LMO2, and MYC expression 
with the presence of MYCr among the lymphoma types 

(P < 0.001). In addition, the Hans algorithm, calculated in 
the training series, is also significantly associated with MYCr 
(P < 0.001).

As opposed to what was expected, in the training series, 
MYC was not expressed over the cutoff in 12 (11%) cases 
carrying MYCr (2 tDLBCL, 2 DLBCL, 1 HGBCL-NOS, 2 
HGCBL with MYCr/BCL2r and 5 BL), and LMO2 was posi-
tive in 22 (20%) cases with MYCr (7 tDLBCL, 1 DLBCL, 1 
HGBCL-NOS, 13 HGCBL with MYCr and BCL2r/BCL6r). 
According to the Hans algorithm, MYCr were more fre-
quently identified in GCB-like cases 95/108 (88%) than in 
non-GCB-like cases (13/108, 12%; P < 0.001). MYC was 
also expressed in 87/324 (23%) cases non-MYCr (37/87, 
42% GCB-like), and LMO2 was negative in 103/374 (27.5%) 
non-MYCr, mostly non-GCB-like cases (76/103, 74%).

Scoring system

Using the scoring system described above, we obtained 4 
different scores, from 0 to 3, which arise from the 8 pos-
sible combinations of the markers, that we included in 8 
categories, from 1 to 8, as shown in Table 2. Tables 1 and 
2, as well as supplementary Figure S1 and Fig. 2, show the 
distribution of the results.

In the training series, score 0 included 92 (19%) cases; 
score 1, 224 (47%); score 2, 98 (20%); and score 3, 68 (14%) 
cases. The presence of MYCr had a strong statistical associa-
tion with the scoring system (P < 0.001), as well as the cat-
egorization in the 8 combinations of the markers (P < 0.001). 
Additional significant results were obtained comparing the 
scoring system with the Hans algorithm (P < 0.001), BCL2r 
(P < 0.001), and BCL6r (P = 0.008).

Figure 2 and Table 2 show the results of the scoring sys-
tem approach related to MYCr. Cases with score 0 did not 
present MYCr, whereas score 1 included 7/224 (3%) MYCr 
cases, representing 7/108 (6.5%) of all MYC rearranged 
cases and 7/482 (1%) cases when considering the whole 
training series. Such cases were as follows: 2 tDLBCL (1 
MYCr/BCL2r, 1 MYCr/BCL2r/BCL6r), 2 DLBCL, and 3 
HGBCL with BCL2r, two of them with no expression of 
MYC protein. Scores 2 and 3 were better at MYCr detection, 
with an incidence of 41% (40/98 cases) and 90% (61/68), 
respectively (P < 0.001). This approach offered a higher abil-
ity to detect MYCr in comparison to the individual detection 
of the CD10 + /LMO2 − profile, that identified 68 out of 88 
cases (77%), or MYC overexpression, that captured 96/108 
(89%) MYCr. All CD10 + /LMO2 − cases and most MYC 
IHC positive cases (146/183, 80%) had scores 2 or 3.

The validation series obtained very similar results. Again, 
contrary to what was expected, MYC was not expressed in 
9/21 (43%) cases carrying MYCr (1 tDLBCL, 2 DLBCL, 2 
HGCBL with MYCr/BCL2r and 1 HGBCL MYCr/BCL6r, 
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and 3 BL), and LMO2 was positive only in 2 (9.5%) cases (1 
HGCBL with MYCr/BCL2r and 1 HGBCL MYCr/BCL6r).

Out of 124 cases, score 0 included 29 (23%); score 1, 
64 (52%); score 2, 23 (18.5%); and score 3, 8 (6.5%) cases 
(Tables 1 and 2). Also, the presence of MYCr had a strong 
statistical association with the scoring system and the cate-
gories defined (P < 0.001, each). MYCr occurred in 21 cases 
and was associated mostly with scores 2 and 3 (10/23, 43.5% 
for score 2 and 8/8 cases for score 3), compared with scores 
0 and 1 (0/29 and 3/64, 5%, respectively) (P < 0.001).

Table 3 shows the statistical measures of the performance 
of the scoring system compared with the presence of MYCr 
as the gold standard in the training and validation series. 
With this approach, the sensitivity was 93.5% and 85.7%, the 
specificity was 82.7% and 87.4%, and the negative predic-
tive values (NPV) were 97.8% and 96.8%, respectively. To 
determine whether the model was useful, we calculated the 
ROC curves for both cohorts, with the area under the curve 

Table 1   Clinicopathological features and scoring system results of the cohorts and lymphoma types studied

* Available in 481 cases; HGBCL DH/TH, HGBCL with BCL2 and/or BCL6 rearrangements

Total tDLBCL DLBCL HGBCL-DH/TH HGBCL-NOS BL

Training series, N (%) 482 82 (17%) 330 (68%) 39 (8%) 7 (2%) 24 (5%)
IHC  

  CD10 252/482 (52%) 62/82 (76%) 129/330 (39%) 31/39 (79.5%) 7/7 (100%) 23/24 (96%)
  LMO2 293/482 (61%) 62/82 (76%) 216/330 (65.5%) 13/39 (33%) 2/7 (29%) 0/24
  MYC 183/482 (38%) 23/82 (28%) 98/330 (30%) 37/39 (95%) 6/7 (86%) 19/24 (79%)

Cell-of-origin*
  GCB-like 283/481 (59%) 65/82 (80%) 152/330 (46%) 35/39 (90%) 7/7 (100%) 24/24 (100%)
  NON-GCB-like 198/481 (41%) 17/82 (20%) 177/330 (54%) 4/39 (10%) 0/7 0/24

FISH
  MYCr 108/482 (22%) 18/82 (22%) 21/330 (6%) 39/39 (100%) 6/7 (86%) 24/24 (100%)
  BCL2r 142/426 (33%) 50/78 (64%) 60/292 (20.5%) 32/38 (84%) 0/5 0/12
  BCL6r 109/406 (27%) 19/77 (27.5%) 76/276 (27.5%) 14/36 (39%) 0/5 0/12

Scoring system
  Score 0 92/482 (19%) 6/82 (7%) 86/330 (26%) 0/39 0/7 0/24
  Score 1 224/482 (47%) 53/82 (66%) 167/330 (51%) 3/39 (8%) 0/7 0/24
  Score 2 98/482 (20%) 15/82 (18%) 57/330 (17%) 17/39 (43%) 3/7 (43%) 6/24 (25%)
  Score 3 68/482 (14%) 7/82 (9%) 20/330 (6%) 19/39 (49%) 4/7 (57%) 18/24 (75%)
  Validation series, N (%) 124 10 (8%) 96 (77%) 10 (8%) 3 (2%) 5 (4%)

IHC
  CD10 45/124 (36%) 5/10 (50%) 25/96 (26%) 9/10 (90%) 1/3 (33%) 5/5 (100%)
  LMO2 59/124 (48%) 4/10 (40%) 52/96 (54%) 2/10 (20%) 1/3 (33%) 0/5
  MYC 24/124 (19%) 1/10 (10%) 12/96 (12.5%) 7/10 (70%) 2/3 (67%) 2/5 (40%)

FISH
  MYCr 21/124 (17%) 1/10 (10%) 4/96 (4%) 10/10 (100%) 1/3 (33%) 5/5 (100%)

Scoring system
  Score 0 29/124 (23%) 0/10 29/96 (30%) 0/10 0/3 0/5
  Score 1 64/124 (53%) 8/10 (80%) 54/96 (56%) 1/10 (10%) 1/3 (33%) 0/5
  Score 2 23/124 (18.5%) 2/10 (20%) 12/96 (13%) 4/10 (40%) 2/3 (67%) 3/5 (60%)
  Score 3 8/124 (6.5%) 0/10 1/96 (1%) 5/10 (50%) 0/3 2/5 (40%)

Table 2   Distribution of MYCr cases and total number of cases 
according to the scores and categories defined by the scoring system

* 0 means no IHC expression of the marker and 1 means IHC expres-
sion
# Cases included in category 3 are then rescued by the algorithm

Category CD10/LMO2/
MYC IHC pro-
file*

Score Training series
MYCr/score

Valida-
tion 
series
MYCr/
score

1 0/1/0 0 0/92 0/29
2 0/0/0 1 3/67 2/36
3# 0/1/1 1 2/37 1/4
4 1/1/0 1 2/120 0/24
5 1/0/0 2 7/20 7/11
6 1/1/1 2 18/44 1/2
7 0/0/1 2 15/34 2/10
8 1/0/1 3 61/68 8/8
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being 0.93 (confidence interval (CI) 0.9–0.96, P < 0.001) 
in the training series and 0.91 in the validation series (CI 
0.84–0.98, P < 0.001). The Youden index was 0.76 and 0.73 
in the training and validation series, respectively, and the 
cutoff was 1.5 for each series (supplementary Figure S2).

Algorithm approach

After obtaining the scoring system approach, we wanted to 
decrease the number of false negative cases. Thus, as 80% 
of MYC overexpressing cases fell into scores 2–3 and the 
CD10 + /LMO2 − profile was already included in score 2, 
we designed the algorithm including MYC positive cases 

of category 3, that corresponded to score 1. This approach 
allowed rescuing 2 cases in the training series and 1 from 
the validation series. The total number of cases salvaged 
by the algorithm from the training test was 1 tFL carry-
ing MYC, BCL2, and BCL6 rearrangements and 1 HGBCL 
with MYC and BCL2 rearranged. One HGBCL with MYC 
and BCL6 rearrangements was rescued from the validation 
series. Two HGBCL with MYC and BCL2 rearrangements 
were not detected by any approach in the training series and 
no other HGBCL with MYCr/BCL2r and/or BCL6r remained 
undetectable in the validation cohort.

Therefore, as summarized in Figs. 1B and 2, and sup-
plementary Figures S3 and S4, all MYC + and/or CD10 + /

Fig. 2   Distribution of the results of the scoring system and algorithm 
according to MYC rearrangements as a gold standard (blue line) in the 
training (A) and the validation cohorts (B). The asterisk (*) indicates 

7 and 5 patients from the scoring and algorithm in the training series, 
respectively; the asterisks (**) indicate 3 and 2 patients from scoring/
algorithm in the validation series

Table 3   Statistic measures 
of the performance of the 
scoring system and algorithm 
compared with the presence 
of MYC rearrangements as a 
gold standard in training and 
validation series

PPV positive predictive value, NPV negative predictive value, PLR positive likelihood ratio NLR negative 
likelihood ratio

Category Training series 
Score (%)

Validation series 
Score (%)

Training series Algo-
rithm (%)

Validation series 
Algorithm (%)

Sensitivity 93.5 85.7 95.4 90.5
Specificity 82.7 87.4 73.3 84.5
PPV 60.8 58.1 50.7 54.3
NPV 97.8 96.8 98.2 97.7
Accuracy 85 87.1 78.2 85.5
PLR 5.38 6.79 3.57 5.82
NLR 0.08 0.16 0.06 0.11
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LMO2 − cases were eligible for FISH testing. The statisti-
cal measures of the performance of the algorithm compared 
with the presence of MYCr as a gold standard in the training 
and validation series, shown in Table 3, were as follows: 
sensitivity was 95.4% and 90.5%, the specificity was 73.3% 
and 84.5%, and the NPV 98.2% and 97.8%, respectively. The 
NPV improved, although the specificity decreased because 
the number of false positive cases increased.

We also evaluated the possibility of excluding LMO2 
from the algorithm, selecting only all CD10 + cases and 
cases with the profile CD10 − /MYC + for FISH testing. 
The analysis of this approach is shown in supplementary 
Table S3 and can be followed in supplementary Figures S3 
and S4. This could also be a useful approach that would 
maintain the values of sensitivity, NPV, and NLR, but the 
other statistical measures of performance decreased. Moreo-
ver, the number of FISH tests increased respectively in 120 
and 24 cases in the training and validation series when com-
pared with the CD10/LMO2/MYC algorithm. Therefore, we 
conclude that the inclusion of LMO2 in the algorithm adds 
value to our approach.

Discussion

In this study, we aimed to evaluate the utility of the immuno-
histochemical combined profile of CD10/LMO2/MYC as a 
screening tool to detect MYCr in aggressive LBCL. The cur-
rent recommendation of the ICC and WHO-HAEM5 about 
the need to determine MYCr by cytogenetic methods in all 
cases with aggressive LBCL morphology may be difficult to 
sustain because of the low incidence of this genetic altera-
tion, the costs of the technique, and the need of expertise 
and facilities, which are not easily affordable elsewhere [20]. 
However, screening approaches have yet to be defined, and 
additional guidelines are necessary.

For our purpose, we first analyzed a scoring system based 
on ours and other authors’ results with respect to the utility 
of LMO2 to detect MYCr. All these papers emphasized the 
utility of the lack of expression of LMO2 to detect MYCr. 
The downregulation of LMO2 in aggressive LBCL may be 
consistent with the physiological reentry into the dark zone 
(DZ) of the germinal center cells expressing MYC located 
in the light zone. As most aggressive LBCL-carrying MYCr 
may arise in the DZ and show a DZ molecular signature 
[21], the unexpected LMO2 downregulation identified by 
IHC may be normal and associated with specific functions 
of MYC and LMO2 related to mechanisms of DNA repair 
[22, 23]. In a recent study of our group using chromogenic 
LMO2 mRNA in situ hybridization, we observed that the 
cells located in the DZ had very low levels of LMO2 mRNA, 
which was even lower in lymphomas carrying MYCr, offer-
ing the produced results a reasonable explanation to the lack 

of expression of LMO2 detected by IHC in those tumors 
[24].

The scoring system proposed in this study identified two 
major groups, scores 0–1 vs 2–3, that were highly statisti-
cally associated with the presence of MYCr in both training 
and validation cohorts. If scores 0–1 were excluded from 
FISH testing, only 7 MYCr cases would have been missed 
from the training series and 3 from the validation set, repre-
senting 1% of all cases included in each cohort. Therefore, 
the hypothetic strategy of selecting cases for FISH testing 
based on this scoring system would point to the need of 
testing only cases with scores 2 and 3, and this approach 
would decrease to 66.5% and 75% of the number of cases 
needing FISH. Thus, only 166 cases and 31 cases would be 
eligible for testing following this strategy. An alternative 
approach would be testing only cases over score 0, which 
would mean saving FISH tests in 92/482 cases (19%) and 
29/124 cases (23%).

To diminish the number of false negative cases, we 
designed an algorithm based on MYC expression and the 
CD10 + /LMO2 − profile. This approach rescued a few cases 
from each cohort allowing a mild increase in the sensitivity 
and the NPV of the test but decreasing the positive predic-
tive value and accuracy because of the increase in the num-
ber of false positive cases. Although these changes occurred, 
high sensitivity and very low NPV are desirable for a screen-
ing test, implying that false negatives are minimized, which 
is particularly important in the present scenario of the detec-
tion of MYCr in aggressive LBCL [25].

In this study, we have widened the available information 
of MYC with the produced on LMO2. MYC is the most 
used IHC marker trying to identify MYCr. However, as MYC 
protein expression does not properly capture MYCr, it is nec-
essary to be cautious when using MYC IHC for this purpose 
[26–28]. One of the reasons for the downregulation of MYC 
protein in MYCr cases is genetic complexity. The develop-
ment of clonal evolution during the course of the disease 
has been associated with low MYC expression, particularly 
in cases carrying double and triple rearrangements involv-
ing MYC, BCL2, and BCL6 [29]. This is relevant since the 
screening tools should not miss such cases. Nevertheless, the 
unique non-detected cases by any method in our series were 
2 HGBCL with MYCr/BCL2r that showed a profile CD10 + /
LMO2 + /MYC − (score 1, category 4). Both patients were 
treated with R-CHOP schemes only and had a particularly 
favorable behavior of the disease, being alive with no evi-
dence of disease 25 and 66 months after treatment. This 
specific profile associated with long survival after treatment 
was noticed in one of our previous studies [11], and further 
studies may clarify this observation and the potential pro-
tective role of LMO2 in hematological neoplasms, which 
overexpression associates with a favorable behavior in some 
aggressive tumors [23, 30, 31].
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Different studies have untangled the importance of MYC 
IHC as well as the limitations of FISH [3, 8, 32, 33]. The 
higher levels of MYC expression have been associated 
with higher specificity for the detection of MYCr [8, 28]. 
However, this is not a consistent finding, and some stud-
ies identify MYCr appropriately by maintaining a cutoff of 
30 to 40% for MYC expression [5]. In this study, we also 
performed all the analyses using a cutoff of 50% for MYC 
without obtaining better results than the ones described (data 
not shown). Another limitation of MYC IHC is the differ-
ences in the reproducibility among interpreters, as reported 
[15, 34] and evidenced here when comparing the results of 
MYC expression and MYCr cases between the two series. 
However, the discrepancies should not undervalue the role of 
the IHC approach since it is also known that FISH does not 
detect MYC cryptic rearrangements [33]. Finally, the usage 
of additional markers such as LMO2, CD38, or TCL1 should 
help to identify MYCr even in apparently non-altered cases 
[35].

In summary, we are proposing an immunohistochemical 
algorithm along with a scoring system that attempts to iden-
tify cases which are likely to have a MYC break. Our study 
needs to be correlated with the clinical data and further 
results of other series should confirm the utility of the com-
bined CD10/LMO2/MYC profile. We have performed all the 
analyses in academic centers and based on the background of 
experienced hematopathologists and cytogenetists. We think 
that both the scoring system and the algorithm may be useful 
as a starting point for the workup of aggressive LBCL and 
an affordable approach for many laboratories.
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