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Dual antibody immunohistochemistry: an efficient and sensitive tool
for the detection of residual disease in chronic lymphocytic leukemia
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Abstract
Highly effective treatments for chronic lymphocytic leukemia (CLL) have the potential to reduce significant tumor burden to single
cells and therefore require sensitive tools to assess for minimal residual disease (MRD) in bonemarrow (BM) biopsies. Flow cytometry
(FC) is the current gold standard for detection ofMRD, but requires a specialized facility, specific antibody panels, collecting hundreds
of thousands-to-millions of cells, and personnel with expertise in the analysis and interpretation of FC MRD data, which may not be
feasible in many small laboratories. Dual-antibody immunohistochemistry (DA-IHC) can identify abnormal populations better than
morphology alone, but its correlation with FC assessment is not known. Our aims are to characterize the efficacy of DA-IHC in
assessing BM samples post-treatment and to compare results with FC to evaluate for residual disease in CLL.We collected 2-year post-
therapy data from 33 CLL patients on two treatment protocols, chemoimmunotherapy (CIT) and single agent ibrutinib (IB), as well as
BMs from 10 healthy volunteers as morphologic controls. BM biopsy specimens were examined for the presence or absence of CLL
based on morphologic evidence of lymphoid infiltration and aberrant co-expression of CD5 and PAX5 DA-IHC. FC using a standard
CLL antibody panel was performed in parallel. All IB patients had residual disease detected byDA-IHC and FC, although five patients
(22%) were morphologically negative by routine hematoxylin and eosin (H&E) stain. Those without overt morphologic evidence of
disease showedDA-IHC-positive interstitial single cells andwere positive for residual disease by FC. The assessments byDA-IHC and
FCwere significantly correlated (p= 0.004). Four patients (40%) treated with CITwere morphologically negative by H&E, and two of
these had no detectable CLL by either DA-IHC or FC. The other two patients had low-level disease detected by both DA-IHC and FC.
The MRD levels identified by DA-IHC were correlated with those by FC (p< 0.0001). We characterized the efficacy of DA-IHC in
assessing CLL post-treatment and found assessments by DA-IHC and FC were statistically significant in both the IB- and CIT-treated
patients. These findings suggest DA-IHC could accurately detect residual disease in cases lacking morphologic evidence by H&E
alone. DA-IHC may be a useful tool in current practice as another sensitive and efficient method to assess for MRD in CLL.
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Introduction

Significant recent advances in understanding tumor biology
have led to discoveries of novel treatment options for patients
with chronic lymphocytic leukemia (CLL) [1]. Current highly
effective treatment options have the potential to reduce heavy
CLL tumor burden to single circulating cells. Due to these dra-
matic treatment responses, effective monitoring of residual dis-
ease, whichmay impact prognosis and potential future treatment
decisions, requires more sophisticated and sensitive assays, and
must also be technically feasible in all hospital laboratories.

Per the International Workshop on Chronic Lymphocytic
Leukemia Working Group (IWCLL-WG) 2018 guidelines,
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several diagnostic tools should be employed to assess the ef-
ficacy of a given CLL treatment, as defined by complete re-
mission (CR), partial remission (PR), progressive disease
(PD), and stable disease (SD), including morphologic evalua-
tion of the peripheral blood and bone marrow [1]. For patients
in clinical trials with apparent CR, the IWCLL-WG recom-
mends assessing for minimal residual disease (MRD), which
is defined as 1 CLL cell in 10,000 cells, using standardized
technologies, including 6-color flow cytometry, allele-specific
oligonucleotide PCR, or high-throughput sequencing using
the ClonoSEQ assay [1]. MRD assessment can be performed
on the peripheral blood (PB), unless the patient has been treat-
ed with antibody-based regimens, because those therapies
preferentially clear the blood but not the bone marrow (BM)
of disease. In those cases, assessment of the BM for MRD is
required [1]. Not surprisingly, microscopic evaluation of a BM
with low-level disease is difficult based on routine hematox-
ylin and eosin (H&E)–stained slides alone, and therefore, the
IWCLL-WG recommends the use of more sensitive assays,
such as flow cytometry (FC) ormolecular tests in assessing for
MRD [1–4]. Immunohistochemistry (IHC) can assist pathol-
ogists evaluating the bone marrow, but morphologic assess-
ment using single-antibody IHC (SA-IHC) is not as sensitive
as FC [3]. However, MRD FC testing has its own challenges
and special requirements [4], including a specialized facility,
specific antibody panels, and the collection of hundreds of
thousands-to-millions of cells, not to mention the experience
and expertise of a pathologist trained inMRD testing, which is
more complex than other diagnostic FC assays, all of which
may not be feasible in many laboratories.

Novel automated dual-antibody immunohistochemistry
(DA-IHC) can identify aberrant co-expression of tumor cells
with high sensitivity. DA-IHC can identify abnormal popula-
tions better than morphology alone [5–8], but its correlation
with FC assessment in assessing residual disease is not
known. Our aims are to characterize the efficacy of DA-IHC
in assessing CLL burden post-treatment with different treat-
ment protocols and to compare results with FC, a gold stan-
dard in the evaluation of MRD.

Materials and methods

We collected data from 33 CLL patients on two different treat-
ment protocols at our institution. The patients, 21 men and 12
women, were between 36 and 85 years of age, with a median
age of 67 years. The patients were grouped based on their
treatment protocols: 10 patients treated with 3 cycles of
chemoimmunotherapy (CIT) consisting of fludarabine plus
ofatumumab with or without cyclophosphamide, and 23 pa-
tients treated with continued daily dosing of single agent
ibrutinib (IB). Patients on the CIT arm were treatment-naïve
before protocol enrollment at our institution, while the patients

on the IB arm had previously diagnosed relapsed and/or re-
fractory disease or high-risk characteristics prior to protocol
enrollment (Supplemental Table 1).

Two-year post-therapy clinical and laboratory data was re-
corded, and BM aspirate and biopsy procedures were per-
formed at our institution on all 33 patients. A physical exam-
ination was performed, and a complete blood count (CBC)
and white blood cell (WBC) differential were recorded on
the date of the BM biopsy. In addition, as a control, BM
biopsies were obtained from 10 healthy patient volunteers
with no history of CLL, and with normal CBCs and other
laboratory parameters.

BM biopsy aspirates were collected in EDTA, and a
predetermined portion was submitted for both FC and cytoge-
netic analysis. Aspirate smears were made at bedside and later
stained with Wright-Giemsa. Core biopsies were processed in
our laboratory in the usual fashion, with formalin fixation
followed by decalcification, paraffin-embedding, and section-
ing at 4 uM. Routine H&E-stained slides were prepared and
core biopsies were stained with CD20 (Ventana Medical
Systems, Inc., Tucson, AZ), CD3 (Ventana Medical
Systems, Inc., Tucson, AZ), and CD5 (Ventana Medical
Systems, Inc., Tucson, AZ). In addition, core biopsies were
dual-stained with antibodies against CD5, a red membranous
and cytoplasmic stain, and PAX5, a brown nuclear stain
(Ventana Medical Systems, Inc., Tucson, AZ). All immuno-
histochemical stains were performed via automated Ventana
Benchmark Ultra stainers as per the manufacturer’s protocols
using standard procedures. All staining protocols were specif-
ically validated on decalcified bone marrow samples.

All 33 patient core biopsies and 10 control biopsies were
microscopically examined by two hematopathologists and
scored based on (1) the presence or absence of lymphoid ag-
gregates or infiltration and the extent of involvement as iden-
tified by H&E-stained slides, and (2) the presence or absence
of dual-positive B cells, and the location and extent of in-
volvement. Lymphoid aggregates, defined as > 15 clustered
lymphocytes, were designated as absent/negative (0) or
present/positive (≥ 1). The number of B cells expressing aber-
rant CD5/PAX5 DA-IHC was compared with the total B cells
present and recorded as negative (0% of all B cells), rare (> 0
to < 10% of all B cells), moderate (≥ 10 to < 50% of all B
cells), or extensive (≥ 50% of B cells) (Table 1). In the case
of normal controls, BM core biopsies were examined for the
number of dual-positive B cells per 10 high-power fields
(HPF) (× 40). Single antibody immunohistochemical (SA-
IHC) staining with CD20 and CD5 and CD3 was recorded
on all cases for comparison, but these cases were not blinded
and the results were not included in the statistics.

FC assessment for MRD in BM aspirates was performed
on all 33 CLL patients at our facility. Specimens were
processed within 12 h of collection. Whole blood lysis was
performed using ammonium chloride prior to staining
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for 30 min at room temperature with an eight-color cocktail
(antibody concentration per manufacturer’s recommenda-
tions) containing antibodies to CD19, CD20, CD22,
CD79b, CD5, CD23, CD81, CD43, CD45, CD3, CD13,
CD14, CD16, and CD56, and surface kappa and lambda
light chains. At least 1 million cells were acquired per
tube using an 8-color multiparametric approach on a 3-
laser FACS Canto II (BD Biosciences, San Jose, CA) with
DiVa 6.1.1 software and analyzed by FCS Express 4 soft-
ware (DeNovo Software, Los Angeles, CA). The limit of
detection of this method is 0.002%. Assessment for MRD

was performed by pathologists with expertise in FC.
Gating on CD19-positive events, any discreet cluster of
3 or more events with light-chain restriction, dim CD20,
and aberrant CD5 was deemed residual disease.

Descriptive statistics were performed. The percentages of
clonal B cells determined by DA-IHC were scored as 0, 1, 2,
and 3 for negative, rare, moderate, and extensive, and
Spearman’s rank correlation ρ between the percentages of
clonal B cells determined by DA-IHC and flow cytometry
was calculated. All tests were two-sided, and a p value <
0.05 was considered statistically significant.

Table 1 Left—BM findings in patients treated with chemoimmunotherapy (CIT). Right—BM findings in patients treated with ibrutinib (IB)

Morphology H&E = negative or positive disease based onmorphology alone. DA-IHC =% of B cells positive for dual-antibody immunohistochemistry.
Second column = pink = positive morphology; blue = negative morphology. Third column = pink ≥ 50% of B cells are DA-IHC-positive; light blue = 0–
10% of B cells are positive for DA-IHC; dark blue = ≥ 10–< 50% of B cells are DA-IHC-positive. Fourth column = FC% clonal B cells/total
lymphocytes; FC% clonal B-cells/all B cells; pink = > 50% of B cells are clonal by FC; dark blue = > 0–< 50% of B cells are clonal; light blue = 0%
clonal B cells detected by FC
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Results

All patients were assessed for clinical response at 2 years from
the start of the study treatment by physical examination and
laboratory studies, including CBC and WBC differential
count (Supplemental Table 2). In the IB treatment group
(n = 23), three patients (13%) had lymphocytosis above 4 ×
1000/microL. Fifteen patients (65%) had cytopenias, seven
patients (30%) had palpable lymphadenopathy, and four
(17%) had either hepatomegaly and/or splenomegaly.
Fluorescence in situ hybridization (FISH) and/or cytogenetic
results showed three patients (13%) with trisomy 12, four
patients (17%) with del13q, five patients (22%) with del11q,
and eleven patients (48%) with del17p. Molecular studies
showed mutated IGHV in ten patients (43%) and unmutated
IGHV in thirteen patients (57%) (Supplemental Table 1).

Patients treated with CIT (n = 10) had normal-to-low lym-
phocyte counts, and six (60%) had cytopenias, most often
mild thrombocytopenia. Five patients (50%) had palpable
lymphadenopathy, and none (0%) had hepatosplenomegaly.
FISH and/or cytogenetics revealed that four patients (40%)
had normal cytogenetics, three patients (30%) had trisomy
12, two patients (20%) had del13q, one patient (10%) had
del11q, and no patients (0%) had del17p. Molecular analysis
of nine patients showed that only one patient (11%) had mu-
tated IGHV, while eight patients (89%) were unmutated
(Supplemental Table 1).

For patients treated with IB, all patients (100%) had resid-
ual disease in the bone marrow as detected by DA-IHC and
flow cytometry, although five patients (22%) had

morphologically undetectable disease by H&E alone
(Fig. 1). SA-IHC identified only rare interstitial B cells, and
aberrant co-expression of SA-IHC B cell markers and T cells
markers was difficult to assess. For example, patient IB11 had
no lymphoid aggregates or lymphocytosis detected on H&E,
but DA-IHC PAX5/CD5 showed scattered clustered intersti-
tial cells (~ 5 cells) with dual-positivity (Fig. 2a), and FC
showed 87% of all B cells were clonal (2% of all lympho-
cytes). Patient IB7 had scattered lymphoid aggregates and a
mild lymphocytosis on H&E. SA-IHC was not helpful, as it
showed the lymphoid aggregates were composed of a mixture
of B cells and T cells, a finding which may be seen in normal
reactive BM lymphoid aggregates, and which by itself, is not
evidence of residual CLL. Most interstitial cells were positive
for either CD20 (normal B cells) or for CD5 (normal T cells),
but it was difficult to assess co-expression of CD20 and CD5.
However, scattered cells were dual-positive with DA-IHC,
indicating that a subset of the population represented residual
CLL (Fig. 2b), and FC showed clonal B cells comprised 74%
of all B cells (25% of all lymphocytes). Interestingly, patient
IB18 had no definitive morphologic evidence of disease by
H&E, but a subtle lymphocytosis was apparent with SA-IHC
and DA-IHC, and FC showed 99% of all B cells were clonal
(58% of total lymphocytes). In fact, DA-IHC revealed that all
patients on IB had involved BM, and the extent of involve-
ment was significantly correlated with extent of involvement
by FC (Spearman’s correlation ρ = 0.58, p = 0.004, Fig. 1).

Of the five IB patients that were called negative based on
H&E and SA-IHC, all eventually went off study between 44
and 72 months; three of the patients remained in response to

IB18
IB11

IB7

Fig. 1 Left—morphologic (H&E) vs. FC examination of BM in patients
treated with IB. Five patients are morphologically negative for disease by
H&E. Red = positive morphology (lymphocytosis or large lymphoid
nodules). Blue = negative morphology. Right—DA-IHC vs. FC in
patients treated with IB. All patients have residual disease, detected by

both DA-IHC and FC. Patients with fewer clonal B cells by FC have only
rare dual-positive cells. Red = > 50% of B cells are DA-IHC-positive.
Black = < 50% of B cells are DA-IHC-positive. Blue = rare B cells are
DA-IHC-positive
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ibrutinib, but developed other malignancies (IB2, IB11, and
IB18); one remained in response but developed recurrent
pleural effusions related to Ibrutinib (IB12); and one remained
in response for 72 months, when he developed progressive
CLL and went off study (IB13).

For patients treated with CIT, four out of ten patients (40%)
had no overt morphologic evidence of disease on H&E, and
two of ten (20%) patients had no detectable CLL by either
DA-IHC or FC (Fig. 3). Patient CIT4 showed only scattered
B cells and Tcells, with no dual-positive cells, and no clonal B
cells by FC (Fig. 4a). Two patients, including patient CIT5,
were morphologically negative on H&E, but had rare dual-
positive interstitial cells (Fig. 4b). Most patients with morpho-
logically identifiable disease had extensive DA-IHC-positive
B cells (≥ 50% of all B cells) and in 15 out of 16 of these cases,
clonal B cells comprised > 90% of all B cells detected by FC
(Table 1). Correlation between the DA-IHC scores and the
percentage of clonal B cells by FC was strong and statistically
significant (Spearman’s ρ = 0.96, p < 0.0001, Fig. 3).

The normal volunteer BMs were also assessed for dual-
positive B cells: Five BMs (50%) had no dual-positive B cells
detected in 10 HPF. Four out of the other five patients (40%)
had < 5 dual-positive cells in 10 HPF, and one patient (10%)
had 9 dual-positive cells in 10HPF. Dual-positive B cells were
distributed singly, with no clustering, and none of the BMs
showed clusters > 3–5 B cells together, which differs from the
clustered dual-positive B cells seen in residual CLL. While
there is no standard cutoff for the acceptable number of nor-
mal B cells expressing CD5, any cluster > 3–5 CD5-positive
B cells was considered abnormal. Normal volunteer BM sam-
ples were not submitted for FC evaluation.

Discussion

Treatment strategies revolutionized by recent and ongoing aca-
demic investigations have not only improved the quality of life
for many patients with CLL but have potentiated sustainable
long-term responses, thus generating a need for more sensitive
assays to detect low-level disease. Although a bone marrow
biopsy is not typically necessary for the primary diagnosis of
CLL in general practice, it is necessary to assess for evidence of
MRD in apparent CR, which is currently one of the best indi-
cators for progression-free survival (PFS) in CLL [9–11].

Historically, pathologists examined the BM for residual
disease based on morphologic assessment for lymphoid ag-
gregates or lymphoid infiltration on H&E-stained slides. To
increase diagnostic sensitivity, current recommendations in-
clude the use of molecular methods or FC. Although not used
in current clinical practice, high throughput sequencing using
ClonoSEQ assays have been shown to have good concor-
dance with FC MRD results [1], and this technique may play
a significant role to complement MRD FC in the future.

IHC antibodies for B cell antigens (CD20, CD79a, and/or
PAX5) and T cell antigens (CD3 and CD5) are helpful in the
morphologic evaluation of BMs and are readily available in
most pathology laboratories. However, methods of estimating
CD20/CD79a/PAX5 and CD5 aberrant co-expression using
SA-IHC are not precise, and while a small cluster (~ 5 cells or
less) of CD20-positive B cells is suspicious in a patient with a
history of CLL, a definitive diagnosis of residual CLL is diffi-
cult and highly subjective, even amongst hematopathologists,
especially when admixed T cells are present; detecting aberrant
co-expression on low-level, single-cell CLL involvement is

Positive 

a bFig. 2 a Bone marrow core
biopsy. No definitive
morphologic evidence of CLL by
H&E in patient IB11 (top—H&E
× 60). PAX5/CD5 shows
scattered clustered dual-positive
cells at the arrow (bottom—
PAX5/CD5 × 60). b Bone
marrow core biopsy. H&E and
PAX5/CD5 showing residual
CLL in patient IB7 (top—H&E ×
60; bottom—PAX5/CD5 × 60;
inset—PAX5/CD5 × 100)
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exceedingly difficult using only SA-IHC. Using DA-IHC tech-
niques, we assessed residual disease in 33 patients with CLL
under two different treatment protocols and compared the find-
ings with FC.

In patients treated with IB, H&E and SA-IHC detected
residual disease in 18/23 cases (78%), DA-IHC detected
dual-positive cells in all cases (100%), and FC showed posi-
tivity in all cases (100%). In addition, the degree of involve-
ment was similar; patients with rare B cell positive with DA-
IHC (≥ 0–< 10%) had < 20% clonal B cells/total lymphocytes
detected by FC, and those with ≥ 50% positive B cells by DA-
IHC had > 80% clonal B cells/total lymphocytes detected by
FC. These patients had high-risk markers, such as age >
65 years, deletion 17p, and unmutated IGHV, and had all

previously been treated and had failed conventional therapy
at outside hospitals, thus prompting their enrollment in the IB
protocol at our institution, a clinical trial intentionally enroll-
ing high-risk patients. For this reason, therefore, these patients
have a greater chance of residual disease involvement at the
end of treatment, an assumption borne out by the findings.

Patients on the CIT protocol were previously untreated,
and their distribution of prognostic markers (Rai stage,
FISH, IGHV mutation status) were typical for treatment-
naïve CLL [12, 13]. There were four patients with no morpho-
logic evidence of residual disease by H&E. However, two of
these patients had residual disease detected by DA-IHC and
FC, while two were truly negative by both DA-IHC and FC.
The results between DA-IHC and FC showed strong and

Negative 

a bFig. 4 a Bone marrow core
biopsy. No definitive
morphologic evidence of CLL by
H&E in patient CIT4 (top—H&E
× 60). DA-IHC confirms no
disease (bottom—PAX5/CD5 ×
60; inset—PAX5/CD5 × 100). b
Bone marrow core biopsy. H&E
shows scattered lymphocytes in
patient CIT5. DA-IHC confirms a
few small clusters of dual-positive
cells at the arrow (top—H&E ×
60; bottom—PAX5/CD5 × 60)

CITCIT

CIT5CIT4

Fig. 3 Left—morphology (H&E)
vs. FC in patients treated with
CIT. Four patients appear
negative by H&E alone. Red =
positive morphology
(lymphocytosis or large lymphoid
aggregates). Blue = negative
morphology. Right—DA-IHC vs.
FC in patients treated with CIT.
Both DA-IHC and FC show only
two patients are negative for
residual disease. The correlation
between % clonal B cells by FC
and by DA-IHC is statistically
significant. Red = > 50% of B
cells are double-positive. Black =
< 50% of B cells are double-
positive. Blue = rare B cells are
double-positive. Green = no
double-positive cells detected
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positive correlation for both treatment groups (ρ = 0.58, p =
0.004 and ρ = 0.96, p < 0.0001, respectively).

The distinction between a negative and a positive result is
important for patients undergoing treatment. Complete re-
sponse to treatment, as defined by FC MRD negativity, is an
independent predictor of progression-free survival (PFS) and
overall survival (OS) in patients treated with chemotherapy or
chemoimmunotherapy, even when compared with IGHV mu-
tational status, ZAP70 status, TP53 defects, and cytogenetic
risk factors [9, 14–17] and may be used to identify candidates
for treatment-dose de-escalation [16]. It is thought to be a
superior risk calculator as compared with other prognostic
markers, as the response to treatment takes into account all
variables, including tumor biology, as well as host character-
istics, such as patient metabolism and patient compliance [14].

These survival studies use FC to assess MRD, and the
significance of detecting a group of 5 cells with DA-IHC in
regard to patient survival, at this point, is unknown. However,
based on our data, detection of DA-IHC-positive cells indicat-
ed residual disease detectable by FC.

It is important to morphologically assess a BM with nega-
tive FC results because there is a potential for discrepancies.
One study that examined the detection of CLL by MRD FC
vs. morphologic assessment found 5 out of 77 BMwere false-
ly negative by FC [4]. Three of these cases had morphologi-
cally low-level disease, one had focal areas of diffuse infiltra-
tion, and one was extensively involved. In these cases, the
differences between morphology and FC were thought to be
due to sampling error. It is also advisable to perform morpho-
logic review of BMs with the aid of IHC. Clusters of five or
more CD20-positive B cells, or anything greater than scattered
positive B cells in the BM, are suspicious in a patient with a
history of CLL; the expertise of a hematopathologist or utiliz-
ing a consensus plan may be recommended to make a diag-
nosis in these situations, but it is also necessary to use addi-
tional IHC to confirm that the B cells are CLL cells, and not
normal regenerating B cells [3]. While normal B cells may co-
express CD5 and PAX5, as we recorded in 5/10 normal con-
trol BMs, clusters of such cells in patients with a history of
CLL indicate residual disease. However, as previously men-
tioned, in cases of very low-level disease, it may be difficult to
determine aberrant expression of CD5 on B cells using SA-
IHC alone.

To our knowledge, this is the first reported comparison
between DA-IHC and FC for residual disease detection in
patients with CLL. We characterized the efficacy of DA-IHC
in assessing CLL post-treatment and found statistically signif-
icant correlation between DA-IHC and FC assessment results.
Although sensitive methods such as FC and molecular tests
are irreplaceable for the confirmation of MRD, DA-IHC may
provide a useful tool in current practice as another sensitive
and cost-effective method to assess for residual disease in
CLL patients.
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