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INTRODUCTION

With organ transplantation, crossmatch testing is used to detect 

donor-specific antibodies in the recipient’s serum against HLA 
molecules expressed on the donor’s lymphocytes [1]. Flow cy-
tometry crossmatch (FCXM) testing is more sensitive than com-
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signed 97 recipient–donor pairs and divided them into three groups according to RTX use 
and the presence of weak-to-moderate donor HLA-specific antibody (DSA) reactions: RTX+/
DSA−, RTX+/DSA+, and RTX−/DSA+. FCXM was performed after pretreating lymphocytes 
with six different pronase concentrations (0, 0.5, 1, 2, 3, and 4 mg/mL).
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with pronase pretreatment.

Conclusions: Higher concentrations (2 or 3 mg/mL) of pronase effectively eliminated RTX 
interference but still carried a risk for false negativity for weak DSA reactions in B-cell 
FCXM. Higher pronase concentrations can be used as an auxiliary method to detect mod-
erate-to-strong DSA reactions in RTX-treated patients.
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plement-dependent cytotoxicity crossmatching and has demon-
strated clinical utility in predicting graft rejection [2, 3]. However, 
owing to the technical nature of the FCXM assay (which utilizes 
an anti-human IgG secondary antibody), it is susceptible to inter-
ference from monoclonal antibody therapeutics used to treat 
patients undergoing organ transplantation [4-6]. For example, 
rituximab (RTX) in recipient serum binds to the CD20 antigen on 
donor B cells and reacts with fluorescently labeled anti-human 
IgG secondary antibodies, which generates false-positive results 
[7].

Pronase is a nonspecific protease that eliminates nonspecific 
immunoglobulin binding to B cells during FCXM [8, 9]. This tech-
nique is believed to be beneficial because pronases degrade Fc 
gamma receptors more quickly than other proteins, such as 
CD19, CD20, MHC class I, and MHC class II [10]. Some investi-
gators have proposed using 1 mg/mL pronase to degrade CD20 
on donor lymphocytes and eliminate interference by RTX-supple-
mented serum [7]. However, recent findings suggested that RTX 
accounts for most false-positive results in B-cell FCXM with 1 
mg/mL pronase pretreatment [11]. Higher concentrations of 
pronase are needed, but this change can lead to HLA degrada-
tion and may cause false-negative FCXM results [10]. The poten-
tial for false-negative results due to higher pronase concentra-
tions used during treatment should be thoroughly evaluated 
when performing FCXM for patients with weak-to-moderate lev-
els of donor HLA-specific antibodies (DSAs).

We evaluated the ability of various pronase concentrations to 
eliminate RTX interference during B-cell FCXM testing for pa-
tients undergoing RTX treatment for desensitization. We also 
evaluated whether higher pronase concentrations (>1 mg/mL) 
might cause false-negative FCXM results in patients with weak-
to-moderate DSA levels.

In contrast to B-cell FCXM, pronase treatment can cause false-
positive results in T-cell FCXM, indicating that caution should be 
exercised in interpreting T-cell FCXM results when using pronase-
treated lymphocytes [12]. Such false-positive results are thought 
to reflect the exposure of cryptic epitopes during enzymatic di-
gestion and subsequent binding with non-HLA antibodies [12-
14]. However, the effect of various concentrations of pronase on 
T-cell FCXM has not been comprehensively evaluated. Therefore, 
we also evaluated the effect of pronase treatment on T-cell 
FCXM testing.

METHODS

Study participants
From July 2022 to January 2023, we sequentially enrolled 38 
lymphocyte donors who underwent HLA typing at Seoul National 
University Hospital, Seoul, Korea. We then screened the sera as 
follows: first, we recruited 23 patients who underwent kidney 
transplants, received RTX, and were referred to our department 
for desensitizing plasmapheresis as candidates between Janu-
ary 2017 and September 2022. The donor cells and RTX-treated 
sera were matched and found to have weak-to-moderate DSA 
levels, including specificities for HLA-A, HLA-B, and HLA-DR, with 
a frequency of >5% in Koreans. For HLA-DQ analysis, serum 
samples were spiked with RTX that only had anti-DQ antibodies 
due to the challenge of finding sera exposed to RTX treatment 
and positive for anti-DQ DSAs. These recipient–donor pairs dis-
playing both RTX and DSA reactivity against donor HLAs were 
categorized into the RTX+/DSA+ group. DSAs with the same HLA 
specificity, similar mean fluorescence intensities (MFIs), and no 
history of RTX were then sought in cryopreserved sera with 
panel reactive antibody results from January 2017 to September 
2022. These patients were categorized into the RTX−/DSA+ 
group. Subsequently, we searched for a group that had a similar 
number of days after RTX treatment as the RTX+/DSA+ group 
but did not have DSA (RTX+/DSA– group). Finally, we selected 
59 cryopreserved serum samples from 54 patients who under-
went HLA antibody identification with the LABScreen Single Anti-
gen Assay (One Lambda, Canoga Park, CA, USA) at Seoul Na-
tional University Hospital from January 2017 to September 
2022 for use in this study. Of the 23 patients treated with RTX, 
18 received RTX at a dose of 375 mg/m2 body surface area ow-
ing to HLA incompatibility, and five received 200 mg owing to 
ABO incompatibility. The median time from RTX administration 
to blood draw was 29 days (range: 11–42 days). Fifty-nine se-
rum samples were used for FCXM testing either as is (N=50) or 
after spiking with RTX (Mabthera, Roche, Basel, Switzerland; 
100 μg/mL) in cases where the patients had not undergone RTX 
treatment (N=9).

Peripheral blood mononuclear cells (PBMCs) were isolated 
from 38 donors using the Ficoll–Hypaque density-gradient 
method. By combining 59 serum samples and 38 donor cell 
samples, we designed 97 recipient–donor pairs and categorized 
them into three groups: RTX+/DSA– (patients with RTX treat-
ment and no DSAs against the paired donor HLAs; N =36), 
RTX+/DSA+ (patients with RTX treatment and DSAs against 
paired donor HLAs; N=31), and RTX−/DSA+ (patients with no 
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RTX treatment and DSAs against the paired donor HLAs; N=30) 
(Supplemental Data Fig. S1A). This study was approved by the 
Institutional Review Board (IRB) of Seoul National University 
Hospital (IRB approval number H-2202-058-1299). Written in-
formed consent was obtained from all subjects.

Pronase treatment and FCXM analysis
All 97 recipient serum–donor cell pairs were treated with six dif-
ferent concentrations of pronase (0, 0.5, 1, 2, 3, and 4 mg/mL) 
and then subjected to FCXM testing. The 0 mg/mL condition 
was omitted for 11 of the serum–cell pairs owing to insufficient 
amounts of PBMCs. A total of 571 FCXM experiments were ana-
lyzed.

Isolated PBMCs were treated with pronase (type XIV; Sigma 
Chemical, St. Louis, MO, USA) before incubation with patient se-
rum samples for flow cytometric analysis. Briefly, 0.9×106 cells 
were incubated in 1 mL of Iscove’s modified Dulbecco’s medium 
containing pronase (0, 0.5, 1, 2, 3, or 4 mg/mL) for 20 min at 
37°C. After the cells were washed twice with wash buffer (phos-
phate-buffered saline [PBS] containing 0.2% bovine serum albu-
min), 3×105 cells (30 μL) were incubated with 30 μL of patient 
serum, negative-control serum (Inert AB Serum, Lorne Laborato-
ries, Twyford, UK), or positive-control serum (rabbit anti-human 
lymphocyte serum, Cedarlane, Burlington, Canada) for 30 min at 
20–25°C. After being washed thrice with wash buffer, the cells 
were incubated with 1 µL of CD3-PerCP (SK7; BD Biosciences, 
San Jose, CA, USA), 1.5 µL of CD19-PE (4G7; BD Biosciences), 
and 0.5 µL of goat F(ab’)2 anti-human IgG-FITC (Jackson Immu-
noResearch Laboratories, West Grove, PA, USA) in 100 µL PBS 
for 20 min at 20–25°C. After three additional washes with wash 
buffer, the cells were resuspended in 100 µL PBS and analyzed 
using a FACSCanto II instrument and FACSDiva software (BD 
Biosciences). The median channel shift (MCS) value of the nega-
tive control was subtracted from the MCS value of each sample 
obtained via flow cytometry. The positive-cutoff MCS values for 
B-cell and T-cell FCXM testing were 120 and 90, respectively.

Statistical analysis
The positivity rates for the FCXM testing were compared using 
the chi-squared test; however, Fisher’s exact test was employed 
when more than 20% of cells had an expected frequency of less 
than 5. The MCS values for each pronase-concentration group 
were compared using the Kruskal–Wallis test, followed by 
Dunn’s multiple-comparison test if P <0.05. The 86 recipient–
donor pairs with available data for all six pronase concentrations 
(FCXM experiments) were compared pairwise using Friedman’s 

test, followed by Dunn’s multiple-comparison test in cases 
where P <0.05. The MFI values for the DSAs in the RTX+/DSA+ 
and RTX−/DSA+ groups were compared using the Mann–Whit-
ney U-test. P <0.05 was considered to reflect a statistically sig-
nificant difference. Statistical analyses and graphical illustra-
tions were generated using GraphPad Prism version 8 (Graph-
Pad Software, Boston, MA, USA).

RESULTS

DSA characteristics of 97 recipient–donor pairs
The DSAs in the RTX+/DSA+ group were against HLA-A (N=4), 
HLA-B (N=12), HLA-DR (N=10), and HLA-DQ (N=5). The me-
dian MFI values of the DSAs at each locus did not differ between 
the RTX−/DSA+ and RTX+/DSA+ groups (Supplemental Data 
Fig. S1B). The RTX dose, time from RTX administration to blood 
collection, and number of plasma exchanges during that time 
did not differ significantly between the RTX+/DSA– and RTX+/
DSA+ groups (Supplemental Data Fig. S1B).

Effects of pronase on T- and B-cell gating
We first analyzed the effect of treating donor lymphocytes with 
pronase on T- and B-cell gating in flow cytometry histograms. 
The MFI values of CD3+ and CD19+ cells in 34 donor lympho-
cyte samples incubated with negative-control serum were signifi-
cantly higher in cells treated with 0.5 mg/mL pronase than in 
nontreated cells (P <0.0001 for both; Supplemental Data Fig. 
S2). The mean CD3 MFI values of CD3+ cells did not differ sig-
nificantly when treated with pronase concentrations above 0.5 
mg/mL. In contrast, the mean CD19 MFI values of CD19+ cells 
were significantly lower with pronase concentrations of 1 mg/
mL (1,433±281), 2 mg/mL (885±180), 3 mg/mL (568±132), 
and 4 mg/mL (374±83) than with a pronase concentration of 
0.5 mg/mL (1,815±378) (P <0.0001 for all). At pronase con-
centrations of 1, 2, 3, and 4 mg/mL, the mean MFI values for 
CD19 expression were 21%, 51%, 69%, and 79% lower, respec-
tively, than those at a pronase concentration of 0.5 mg/mL. The 
low MFI values of CD19+ cells treated with 4 mg pronase/mL 
(which were 79% lower than those observed with 0.5 mg pro-
nase/mL) complicated their distinction from CD19– cells (Sup-
plemental Data Fig. 2A and 2C).

Effects of the pronase concentration on eliminating RTX 
interference in B-cell FCXM
In the RTX+/DSA– group, the false-positive rates of B-cell FCXM 
at pronase concentrations of 0, 0.5, and 1 mg/mL were 82%, 
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89%, and 81%, respectively (Fig. 1A), which possibly reflected 
RTX interference. The positive rates in the RTX+/DSA– group de-
creased significantly from 81% at 1 mg/mL to 28% at 2 mg/mL 
and to 0% at 3 and 4 mg/mL pronase (P <0.0001 for all). In 
contrast, the positive rate in the RTX+/DSA+ group showed rela-
tively smaller decreases from 94% at 1 mg/mL pronase to 74% 
at 2 mg/mL (P =0.081), 71% at 3 mg/mL (P =0.043), and 65% 
at 4 mg/mL (P =0.011) (Fig. 1B). The MCS values in the RTX+/
DSA+ group did not differ significantly at 2 mg/mL (P =0.425) or 
3 mg/mL (P =0.216) from that at 1 mg/mL pronase, but they 
were significantly lower at 4 mg/mL (P =0.035). 

We further analyzed the specificities and MFI values of the 
DSAs of RTX+/DSA+ cases that were positive at 1 mg/mL pro-
nase but became negative at 2 or 3 mg/mL. Seven of eight of 
these cases had DSAs against MHC class I with weak intensity 
(MFI<3,000). The remaining DSA was anti-DQB1*05:02 (MFI: 
5,226) (Supplemental Data Table S1). For these eight cases, we 
analyzed matched RTX−/DSA+ cases with similar MFI intensi-
ties and the same specificity. Six of these RTX−/DSA+ cases 
were negative at 1 mg/mL, but two (anti-B*44:03, MFI: 1,953 
and anti-B*51:01, MFI: 2,573) were positive at 1 mg/mL, sug-
gesting that MHC degradation by pronase may have occurred at 
2 or 3 mg/mL in the RTX+/DSA+ group.

In the RTX−/DSA+ group, only 19% and 43% of the patients 
were positive at pronase concentrations of 0 and 0.5 mg/mL, 
respectively. The positive rate was highest (63%) at a pronase 
concentration of 1 mg/mL and did not change significantly at 2 
(57%), 3 (60%), or 4 mg/mL (57%) (Fig. 1C).

Of the 97 recipient serum–donor cell pairs, 86 were tested via 
FCXM after pretreatment with all six pronase concentrations. 
Pairwise statistical analysis of these 86 pairs showed the same 
pattern of results as those found with the unpaired analysis (Fig. 
1 and Supplemental Data Fig. S3).

Analysis of DSA MFI values with B-cell FCXM-negative 
cases
We investigated whether the B-cell FCXM results that became 
negative at 2 or 3 mg/mL pronase (which were positive at 1 mg/
mL) were due to MHC degradation by pronase or to low DSA lev-
els undetectable by FCXM testing. First, we plotted the MFI val-
ues of all DSAs in the RTX+/DSA+ and RTX−/DSA+ groups at 1, 
2, and 3 mg/mL pronase according to the B-cell FCXM results 
(positive or negative; Fig. 2A). To remove outlier effects, we ex-
cluded five samples with DSA MFIs of >15,000 in the FCXM-
positive group. The median MFI values of the FCXM-negative 
cases were significantly lower than those of FCXM-positive 
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Fig. 1. B-cell flow cytometry crossmatch testing results. Sera from three groups, RTX+/DSA– (A), RTX+/DSA+ (B), and RTX−/DSA+ (C), were 
crossmatched with lymphocytes treated with the indicated pronase concentrations. The gray circles represent the results for each sample, 
and the black lines represent the median and interquartile range. The dotted line indicates the median channel shift (MCS) cutoff (120) for 
positive results. The median MCSs of the 2, 3, and 4 mg/mL pronase groups were compared with that of the 1 mg/mL pronase group using 
the Kruskal–Wallis test, followed by Dunn’s multiple-comparison test. The table below each graph shows the total number of samples tested 
(Total), the number of positive samples (Pos.), and the percentage of positive results (Pos. %). *P <0.05; ****P <0.0001.
Abbreviations: RTX, rituximab; DSA, donor HLA-specific antibody; ns, not significant.
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cases. We further analyzed the FCXM-negative cases and subdi-
vided them into groups according to the pronase concentration 
(1, 2, or 3 mg/mL) and RTX treatment (Fig. 2B). The median 
DSA MFIs in the RTX+/DSA+ group (which were negative at 2 
and 3 mg/mL) were lower than or not significantly different from 
the median of DSA MFIs in the RTX−/DSA+ group (which were 
negative at 1 mg/mL), as shown in Fig. 2B. The median and 
range of the MFI in each group were 2,401 (1,736–2,987), 
2,642 (1,736–5,226), and 3,754 (1,972–6,262), respectively. 
When further analyzing cases with only one DSA (i.e., excluding 
those with two DSAs), the DSA MFI values in the RTX+/DSA+ 
group that were negative at 2 and 3 mg/mL were not signifi-
cantly different from those in the RTX−/DSA+ group that were 
negative at 1 mg/mL (Supplemental Data Fig. S4).

Effects of the pronase concentration on T-cell FCXM 
reactivity
Next, we analyzed the effect of pronase treatment on the T-cell 
FCXM results. As T cells do not express CD20, they do not bind 
RTX. Concordantly, the RTX+/DSA– group was T-cell FCXM-nega-
tive at all pronase concentrations (Fig. 3A), although the MCS 
values at 0.5, 1, and 2 mg/mL pronase were slightly lower than 
those at 0 mg/mL pronase (P <0.01, P <0.01, and P <0.05, re-
spectively). No significant difference was observed in the me-
dian MCS values according to the pronase concentration in the 
RTX+/DSA+ and RTX−/DSA+ groups (Fig. 3B–3E). We also per-

formed pairwise statistical analysis of the results for 86 recipi-
ent–donor pairs with available data for all six pronase concen-
trations (Supplemental Data Fig. S5). RTX+/DSA+ and RTX−/
DSA+ cases containing MHC class I DSA showed a small but 
statistically significant increase in MCS values at 1 or 2 mg/mL 
pronase compared with those at 0 mg/mL pronase (P <0.05 
and P <0.01, respectively) (Supplemental Data Fig. S5B and 
S5C).

Regarding positivity rates, during our analysis of 16 and 18 re-
cipient–donor pairs with MHC class I DSAs in the RTX+/DSA+ 
and RTX−/DSA+ groups, respectively, the positive rates did not 
differ significantly according to the pronase concentration (Fig. 
3B and 3C). However, when analyzing 15 and 12 recipient–do-
nor pairs with MHC class II DSAs in the RTX+/DSA+ and RTX−/
DSA+ groups, respectively, nine crossmatches from four recipi-
ent–donor pairs showed positive results (three crossmatches at 
0.5 mg/mL pronase, three at 1 mg/mL, two at 2 mg/mL, and 
one at 3 mg/mL), with the possibility of false-positive results 
given the rare expression of MHC class II molecules on T cells 
(Fig. 3D and 3E). Out of 315 crossmatches (180 in the RTX+/
DSA– group and 135 in the MHC class II DSA-containing groups) 
performed with T cells treated with pronase at concentrations of 
≥0.5 mg/mL, the false-positive rate was 2.9% (9 of 315 cross-
matches; Fig. 3D and 3E).
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DISCUSSION

Using pronase for B-cell FCXM testing reduced nonspecific reac-
tions (possibly by degrading Fc gamma receptors) and helped 
reduce RTX interference by degrading CD20 [7]. However, con-
cerns have been raised that employing higher pronase concen-

trations in B-cell FCXM testing may lead to false-negative results 
because pronase not only reduces the levels of the Fc gamma 
receptor, CD20, but also MHC class I and II molecules [10]. In-
creasing the pronase concentration to 3.0 mg/mL with samples 
from RTX-naive, DSA-positive patients did not change the me-
dian MCS value and only slightly decreased the positive rate for 
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column (0 mg/mL pronase) using the Kruskal–Wallis test, followed by Dunn’s multiple-comparison test. The table below each graph shows 
the total number of samples tested (Total), the number of positive samples (Pos.), and the percentage of positive results (Pos. %). *P <0.05; 
**P <0.01.
Abbreviations: RTX, rituximab; DSA, donor HLA-specific antibodies; ns, not significant.
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B-cell FCXM. This finding probably reflects the smaller reductive 
effect of 2–3 mg/mL pronase on MHC molecules than on the Fc 
gamma receptor [10].

We investigated the effects of various pronase concentrations 
on eliminating RTX interference and the sensitivity of the FCXM 
assay. We included weak-to-moderate DSA levels against HLA-A, 
HLA-B, HLA-DR, and HLA-DQ and tested a wide range of pronase 
concentrations (0–4 mg/mL). At 4 mg/mL pronase, the CD19 
intensity was markedly reduced, rendering proper gating difficult 
in terms of distinguishing cells that were only positive for CD19. 
We believe that a pronase concentration of 4 mg/mL is unlikely 
to be applicable for routine B-cell FCXM testing.

For B-cell FCXM testing, the MCSs in the RTX+/DSA– group 
decreased significantly with increasing pronase concentrations. 
The number of false-positive results due to RTX gradually de-
creased with increasing pronase concentrations and disap-
peared completely at 3 mg/mL pronase. In contrast, the MCSs 
and positive rates in the RTX+/DSA+ and RTX−/DSA+ groups 
were not significantly lower at 2 or 3 mg/mL pronase than at 1 
mg/mL pronase, suggesting that pronase concentrations up to 
3 mg/mL do not considerably affect the sensitivity of DSA detec-
tion. Nevertheless, 2 or 3 mg/mL pronase still carried a risk for 
false-negative results due to HLA degradation.

We further analyzed eight RTX+/DSA+ cases that were posi-
tive at 1 mg/mL pronase but became negative at 2 or 3 mg/mL 
pronase. Seven of the eight cases had weak DSAs (MFI<3,000), 
and the remaining case had anti-DQB1*05:02 (MFI: 5,226). 
MFI values for anti-DQ antibodies obtained with a single-antigen 
bead assay are known to be exaggerated, as HLA-DQ expression 
is much lower than HLA-DR expression in cells; however, its anti-
gen density on beads is similar to that of HLA-DR [15]. In addi-
tion, six of the eight RTX−/DSA+ cases matching these eight 
RTX+/DSA+ cases regarding DSA specificity and MFI were nega-
tive at 1 mg/mL pronase. However, two cases with anti-B*51:01 
(MFI: 2,573) and anti-B*44:03 (MFI: 1,953) tested positive at 1 
mg/mL pronase. The negative results at 2 or 3 mg/mL pronase 
likely reflected both weak DSA levels and HLA degradation by 
pronase.

In contrast to B-cell FCXM testing, where false-negative results 
are a major problem with pronase treatment, false-positive re-
sults attributed to the exposure of cryptic epitopes have been 
reported with T-cell FCXM testing [12, 13]. We observed nine 
false positives via T-cell FCXM in the MHC class II DSA+ groups. 
Positive results in the RTX+/DSA+ (MHC class II) and RTX−/
DSA+ (MHC class II) groups were likely false positives, as T cells 
rarely express MHC class II molecules. The false-positive rate for 

pronase-treated T cells observed via FCXM testing was 2.9%, 
which was slightly lower than previously reported [12, 13]. In 
contrast to previous findings showing a significant decrease in 
the MFI for MHC class I molecules after 2 or 3 mg/mL pronase 
treatment [10], we observed that the MCS in the DSA-positive 
group did not significantly decrease with 2 or 3 mg/mL pronase, 
possibly owing to a concurrent decrease in the MFI of the nega-
tive control. These results should be validated with a larger num-
ber of patients.

A limitation of this study is that the experiments were per-
formed by a single technician in a single laboratory. The repro-
ducibility of these results in other laboratories has not been vali-
dated. Another limitation is that DSAs for HLA-C and HLA-DP 
were not included in this study. Since these antigens are ex-
pressed at low levels, which renders them more susceptible to 
pronase degradation and can lead to false-negative FCXM re-
sults [16], the possibility of false-negative results in the pres-
ence of DSAs for these antigens should be validated further.

Nevertheless, our findings demonstrated the potential effi-
cacy of pretreatment with higher pronase concentrations (2 or 3 
mg/mL) as a means for eliminating RTX interference in B-cell 
FCXM testing, particularly for patients with moderate-to-strong 
DSA. Current B-cell FCXM methods do not provide reliable re-
sults for patients receiving RTX, nor do they provide additional 
information for determining the timing of transplantation [11]. 
Using higher pronase concentrations (2 or 3 mg/mL) may be an-
other option for detecting moderate-to-strong DSA and increas-
ing the specificity of B-cell FCXM testing, which may aid in clini-
cal decision-making for patients undergoing kidney transplanta-
tions. To begin employing higher pronase concentrations in clini-
cal laboratories, each laboratory will need to find an optimal pro-
nase concentration that enables adequate CD19 gating, mini-
mizes RTX interference, and does not compromise the sensitivity 
of low-level DSA detection, which will require the training of tech-
nicians to ensure reproducible results.
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