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Abstract

Recombinant immunotoxins (RITs) are fusion proteins that join antibodies to protein toxins for 

targeted cell killing. RITs armed with Pseudomonas exotoxin A (PE) are undergoing clinical trials 

for the treatment of cancer. The current design of PE-based RITs joins an antibody fragment to the 

catalytic domain of PE using a polypeptide linker that is cleaved by the protease furin. 

Intracellular cleavage of native PE by furin is required for cytotoxicity, yet the PE cleavage site has 

been shown to be a poor furin substrate. Here we describe the rational design of more efficiently 

cleaved furin linkers in PE-based RITs, and experiments evaluating their effects on cleavage and 

cytotoxicity. We found that changes to the furin site could greatly influence both cleavage and 

cytotoxicity, but the two parameters were not directly correlated. Furthermore, the effects of 

alterations to the furin linker were not universal. Identical mutations in the anti-CD22 RIT HA22-

LR often displayed different cytotoxicity from mutations in the anti-mesothelin RIT SS1-LR/GGS, 

underscoring the prominent role of the target site in their intoxication pathways. Combining 

several beneficial mutations in HA22-LR resulted in a variant (HA22-LR/FUR) with a remarkably 

enhanced cleavage rate and improved cytotoxicity against five B cell lines and similar or enhanced 

cytotoxicity in five out of six hairy cell leukemia patient samples. This result informs the design of 

protease-sensitive linkers and suggests that HA22-LR/FUR may be a candidate for further 

preclinical development.
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INTRODUCTION

Pseudomonas exotoxin A (PE) is a highly toxic 66 kDa protein secreted by strains of 

Pseudomonas aeruginosa. Native PE and its intoxication pathway have been extensively 

studied, giving us a broad understanding of its overall trafficking route and mechanism of 

action (reviewed in ref 1). The canonical view of the PE intoxication pathway begins with 

receptor-mediated endocytosis through the low-density lipoprotein-related protein receptor-1 

or variant lipoprotein-related protein receptor-1b. The toxin subsequently traffics through the 

endolysosomal system to reach the Golgi, where it undergoes retrograde transport to the 

endoplasmic reticulum due to a C-terminal endoplasmic reticulum-retention signal. During 

the trafficking process disulfide bonds in PE are reduced and it is cleaved by the protease 

furin. Together, these actions separate the catalytically active fragment of PE from the cell-

binding fragment. The catalytic fragment of PE translocates from the endoplasmic reticulum 

to the cytosol, where it encounters and ADP-ribosylates elongation factor 2, an essential 

component of protein synthesis. This modification inactivates elongation factor 2, halts 

translation, and eventually leads to cell death.

PE has been developed into a therapeutic agent for the treatment of cancers by engineering 

the toxin to target malignant cells. These agents, termed recombinant immunotoxins (RITs), 

combine a cytotoxic fragment of PE with an antigen-binding fragment from an antibody to a 

tumor-associated cell surface protein. The RIT moxetumomab pasudotox2 (previously 

known as HA223 or CAT-80154) contains the disulfide-stabilized variable fragment of an 

anti-CD22 antibody attached to a 38 kDa fragment of PE (PE38). Moxetumomab pasudotox 

targets the mature B cell-specific CD22 receptor for the treatment of B cell malignancies; 

clinical trials have shown it to be particularly effective at treating drug-resistant hairy cell 

leukemia (HCL).5
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The RIT SS1P targets mesothelin, a surface protein found on mesotheliomas and many other 

solid tumors.6 SS1P contains the disulfide-stabilized variable fragment of an anti-mesothelin 

antibody attached to PE38. Clinical trials have shown modest improvements in patients with 

mesothelioma when used as a single agent,7,8 but dramatic tumor regression when combined 

with immunosuppressive drugs.9

PE-based RITs are thought to undergo an intoxication pathway similar to native PE, but 

utilize a different cell-surface target to mediate internalization (reviewed in ref 1). Cell- and 

target-specific factors, such as the number of target sites on the cell, the rate of target 

internalization, and the fate of the internalized target, all play roles in RIT cytotoxicity by 

affecting the uptake and trafficking of PE. Although these factors are target-dependent and 

difficult to adjust, the RITs themselves are amenable to improvements engineered to 

enhance their therapeutic characteristics. For example, the affinity of the RIT for its target 

can be increased in order to improve productive internalization. The Fv elements of both 

SS1P10 and HA2211 are affinity-enhanced variants of the original anti-mesothelin (SS) Fv 

and anti-CD22 (RFB4) Fv through the use of phage display selection. Additional attempts to 

improve PE-based RITs have included replacing the C-terminal ER-retention sequence of 

PE (REDL) with a more potent sequence (KDEL),12 generating a variant that is resistant to 

lysosomal proteases (PE-LR),13 improving the stability of RITs through engineering 

disulfide bonds,14-16 and decreasing the immunogenicity of RITs by identifying and 

removing B cell and T cell epitopes.17-20

Other steps in the PE intoxication pathway may also be targets for protein engineering. A 

prime example is the furin cleavage step, which separates the cell-binding from the catalytic 

fragments. The serine endoprotease furin, a membrane-bound proprotein convertase 

(reviewed in ref 21), traffics between the plasma membrane and the trans-Golgi network. At 

some point during this cycle, furin encounters and cleaves PE. In native PE, furin cleavage is 

essential for intoxication,22 but requires a further disulfide bond reduction to separate the 

cleaved fragments and generate an active toxin.23 The absolute requirement of furin cleavage 

in PE-based RITs has not been fully established. Recent work with PE-LR variant RITs 

indicates that furin cleavage is important, but is not essential for activity in some 

circumstances.13,24

Several studies have examined the polypeptide substrate preferences of furin and related 

proprotein convertases.25-29 When the PE furin cleavage site is compared to other furin 

substrate sequences, it meets the minimal amino acid requirements for furin cleavage (Arg at 

positions P4 and P1) but contains unfavorable residues at other positions. Analyses of 

specificity constants for various natural substrate sequences of furin indicated that the 

cleavage site of PE was a poor substrate for furin.26,27 One analysis in particular showed that 

the PE site sequence was the least efficiently cleaved out of 55 oligopeptide substrates 

tested, with a specificity constant greater than 1000-fold lower than the most efficiently 

cleaved furin substrate.26 These observations indicate that the furin site of PE is poorly 

optimized for cleavage efficiency, and suggests that mutations in the furin site may be able 

to dramatically enhance the cleavage rate. Furthermore, evidence suggests that enhancing 

furin cleavage may improve RIT cytotoxicity. Cells deficient in furin are resistant to PE 

Weldon et al. Page 3

Bioconjug Chem. Author manuscript; available in PMC 2020 December 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



intoxication, but can be made sensitive by transfection with furin cDNA30 or by pretreating 

PE-based RITs with furin.31

In this paper we describe experiments which examine the effect of mutations in the furin site 

on RIT cleavage, both in an in vitro assay and in cultured cells. The impact of these 

mutations on the cytotoxic activity of two RITs, the anti-CD22 HA22-LR and the anti-

mesothelin SS1-LR/GGS, was also explored. We found that we could significantly and 

predictably alter furin cleavage through rational design of the PE furin cleavage site, but 

could not predict the effect of these mutations on RIT cytotoxicity. We conclude that the 

activity of HA22-LR, but not SS1-LR/GGS, may be enhanced through furin site mutations. 

These mutations may help to develop variants of HA22-LR that are more effective 

therapeutically, and are applicable to the design of bioconjugates utilizing a furin-cleavable 

polypeptide linker.

RESULTS AND DISCUSSION

Furin Cleavage Site.

Furin recognizes a minimal sequence of R-X-X-R and hydrolyzes the peptide bond 

immediately C-terminal to the recognition sequence. In native PE, furin cleaves the peptide 

bond between Arg279 and Gly280. The current design of RITs has been engineered for 

resistance to lysosomal degradation through large deletions of protease-sensitive sites.13 

These RITs have been given the LR (lysosome degradation resistant) designation. Although 

a significant fraction of native PE has been removed or replaced, LR RITs retain the furin 

cleavage site of PE as a cleavable linker between the antibody and toxin domains (Figure 1).

Although furin cleavage is essential to native PE, RITs derived from PE have been 

extensively modified and may not behave identically to the native toxin. To confirm that 

furin cleavage is significant to the intoxication pathway of HA22-LR, we evaluated the 

cytotoxicity of HA22-LR against CA46 cells in the presence and absence of proprotein 

convertase inhibitor (PPCI), a potent inhibitor of furin.32 PPCI is well tolerated and can be 

incubated with the CA46 Burkitt’s lymphoma cell line at concentrations up to 10 μM 

without toxicity (data not shown). Higher concentrations were not evaluated, but have been 

previously shown to have minimal toxicity up to 50 μM.32 Cytotoxicity assays showed that 

the EC50 of HA22-LR against CA46 cells increased by approximately 4-fold in the presence 

of PPCI, from 0.28 ng/mL to 1.22 ng/mL (Figure S1). This suggests that furin cleavage is 

important, but not essential, for HA22-LR intoxication, and agrees with previous 

experiments showing that derivatives of HA22 (moxetumomab pasudotox) can function at a 

reduced level of activity without the furin site.13

We have previously identified the furin cleavage site in native PE as residues 274–284, 

corresponding to furin substrate positions P6–P5′.13 We analyzed the relative occurrence of 

residues at these 11 positions from 132 proteins with known furin cleavage sites 

(www.nuolan.net/substrates.html29) and compared the overall residue preferences to the 

residues in native PE. The PE site mirrors the most commonly occurring residues at 

positions P6, P4, and P1, but contains slightly less common residues at positions P3, P4′, 
and P5′, and much less common residues at positions P5, P2, P1′, P2′, and P3′ (Table S1). 
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This information, along with furin cleavage preference data from past studies25-28 suggested 

potential point mutations that could enhance the cleavage efficiency of the PE furin site.

We selected one point mutation to attempt at each of ten positions in the furin cleavage site 

of HA22-LR (Figure 1). Positions near the site of hydrolysis were more likely to have a 

direct effect on cleavage efficiency, and were altered to conform to three major parameters: 

(1) commonly occurring residues at their respective sites (Table S1), (2) peptide cleavage 

efficiency,27 and (3) molecular modeling of the furin–substrate interaction.28 These three 

approaches made specific predictions concerning residue preference that were typically in 

close agreement for residues near the site of hydrolysis. Altered sites include P5 (H275R), 

P3 (Q277R), P2 (P278K), P1′ (G280S), P2′ (W281L), and P3′ (E283D). Positions P4 and 

P1 were not changed because they constitute the minimal furin recognition sequence and are 

the most commonly occurring residues at their respective sites.

Positions P6, P4′, and P5′ were farther from the site of hydrolysis and less likely to have a 

significant impact on cleavage efficiency. Position P6 is located at the N-terminal edge of the 

substrate in the core of the furin–substrate complex, and was predicted to favor positively 

charged residues by molecular modeling.28 An analysis of the most efficiently cleaved furin 

peptide substrates indicated that His occurred most frequently at P6.27 Although Arg was the 

most commonly occurring residue overall at P6, and was the existing residue in native PE, 

we chose to alter P6 to His in order to evaluate its impact on cleavage and toxicity. 

Furthermore, the presence of His at P6 limits the future possibility of creating a new 

cleavage site prior to the native site by introducing Arg at both P6 and P3. Positions P4′ and 

P5′ were predicted to favor small polar residues.28 An analysis of peptide cleavage 

efficiency indicated that the most efficiently cleaved substrates were most likely to contain 

Leu or Thr at position P4′ (P5′ was not evaluated).27 We thus altered positions P4′ (Q283T) 

and P5′ (L284S) to smaller polar residues. As a control, we also prepared a variant that 

cannot be cleaved by furin, in which the P1 Arg is changed to Gly (R279G). A detailed list 

of all variants is shown in Table S2. We prepared all mutants as described. No notable 

differences in yield, purity, or stability were observed during the purification.

Furin Cleavage.

We evaluated furin cleavage for each variant of HA22-LR (Figure 2A) using an in vitro time 

course of purified RITs incubated with the soluble catalytic domain of recombinant human 

furin. Samples at various time points were removed and analyzed by SDS-PAGE, followed 

by densitometry of the resulting bands. A ratio of the band density between cleaved and the 

whole RIT was plotted against time and fit to a four-parameter logistic model. Figure S2 

provides examples of SDS-PAGE gels and curve fitting. From the fitted data, we determined 

the time required for furin to cleave half of the available RIT and compared each mutant to 

the value determined for HA22-LR. As expected, the only mutation to exhibit decreased 

cleavage efficiency was R279G, for which no cleavage was observed over a 24 h period. 

Two mutations, R274H and Q283T, were indistinguishable from HA22-LR. The mutations 

L284S (1.2-fold), E282D (1.6-fold), and Q277R (1.9-fold) each showed a slight 

enhancement in cleavage. Larger enhancements were observed for the mutations H275R 

(2.6-fold), G280S (7.8-fold), and P278K (12-fold). The largest increase in the cleavage rate 
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for a point mutation was observed for W281L, which showed a 29-fold increase from HA22-

LR.

Cytotoxicity Assays.

Having demonstrated that we could enhance the cleavage rate of HA22-LR through 

mutations in the furin site, we next assessed the cytotoxicity of these variants on the CA46 

cell line (Figure 2A). The resulting EC50 values from these experiments (n ≥ 3) were 

averaged and compared to HA22-LR. Two mutations, R279G (0.8-fold) and G280S (0.4-

fold), showed decreased activity. The remainder of the point mutations typically showed 

modest enhancements in activity, ranging from 1.2-fold (R274H) to 2.0-fold (P278K). The 

only mutation to show a >2-fold increase in activity was E282D, which was nearly 3-fold 

more active than HA22-LR.

It is interesting to note that HA22-LR does not require furin cleavage for cytotoxicity, as 

shown by the activity of the R279G mutant. This mutation prevents furin cleavage of the 

RIT, and although it diminishes the cytotoxicity of HA22-LR slightly it does not abolish its 

cytotoxic activity. This indicates that HA22-LR is able to bypass furin cleavage during 

intoxication, and contrasts dramatically with the behavior of the anti-mesothelin RIT SS1-

LR, which is inactivated by the R279G mutation.24 This stark difference may be due to the 

different targets of the two RITs, which likely play major roles in the internalization, 

intracellular trafficking, and cytotoxicity of the molecules. Research is ongoing to explore 

how the target of a RIT influences its intracellular trafficking itinerary and eventual 

cytotoxicity.

Correlation Plot.

We next compared the cytotoxicity and cleavage efficiency of each mutant in a correlation 

plot (Figure 2B). Using Spearman’s rank correlation test, the general trend of the plot has a 

positive slope (ρ(11) = 0.145), but is not statistically significant (P = 0.673). Thus, although 

the tendency is for greater cleavage efficiency to result in a more active protein, the two 

variables cannot be said to have a direct relationship. Certain mutations, in particular, are 

badly out of line with a direct correlation. For instance, the mutation G280S enhances 

cleavage efficiency by 7.8-fold, but diminishes cytotoxicity by 2.7-fold. Similarly, the 

W281L mutation shows a large cleavage enhancement of 29-fold, but has a minimal effect 

on cytotoxicity of 1.3-fold.

These observations indicate that the relationship between furin cleavage and cytotoxicity is 

more complex than a simple linear function, and must involve competing priorities with 

different residue preferences. Several possible explanations for this complexity can be 

postulated. It is possible that enhanced furin cleavage may be detrimental if the RIT is 

cleaved by extracellular furin prior to internalization. If this happens the cytotoxic domain of 

PE-LR RITs like HA22-LR would be released from the cell-binding domain, effectively 

inactivating the RIT by separating the domains prior to internalization. Therefore, enhancing 

furin cleavage to the point where extracellular cleavage becomes significant may decrease 

productive internalization. To our knowledge, there has been no demonstration of 

extracellular RIT cleavage by furin, but the presence of furin at the cell surface and in the 
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extracellular space suggests that it is possible. Although data suggests that cell surface levels 

of furin are low, anthrax toxin protective antigen must be activated by furin cleavage prior to 

internalization.33 This indicates that a sufficient level of furin may exist outside of cells to 

inactive RITs based on PE-LR. Native PE and PE38-based RITs are not susceptible to this 

potential problem because the cell-binding and cytotoxic domains are joined by a disulfide 

bond in addition to the furin cleavable linker.

Another possible explanation is that the residue composition of the furin site is important for 

reasons other than cleavage, and it cannot be altered without some negative impact. Perhaps 

the newly revealed N-terminus of the furin-cleaved cytotoxic domain is involved in 

intracellular routing or toxin stability. This possibility is supported by the behavior of the 

first three N-terminal residues of the cytotoxic domain after furin cleavage, positions G280, 

W281, and E282. The mutation G280S shows an unexpected negative correlation between 

furin cleavage (7.8-fold) and cytotoxicity (0.4-fold), and the mutation W281L shows a poor 

positive correlation (29-fold vs 1.3-fold). The E282D mutant demonstrates a small increase 

in furin cleavage (1.6-fold) and a larger increase in cytotoxicity (2.9-fold). These three 

mutations show no clear relationship between cleavage and cytotoxicity, and the observed 

changes in cytotoxicity are likely to be the result of steps other than furin cleavage during 

the intoxication process. We are continuing to explore the intoxication pathway of RITs to 

identify additional contributing factors.

Combination Mutant.

Although furin cleavage did not directly correlate with cytotoxicity, the majority of the 

mutations had a positive influence on the activity of HA22-LR. To evaluate the possibility 

that a greater enhancement in cytotoxicity was attainable, we chose to combine all point 

mutations that did not diminish activity into a single mutant. This combination mutant, 

called HA22-LR/FUR, contained 8 individual mutations at the furin cleavage site: R274H, 

H275R, Q277R, P278K, W281L, E282D, Q283T, and L284S. The mutations R279G and 

G280S were not included because they exhibited reduced cytotoxicity. HA22-LR/FUR 

showed a remarkable enhancement in cleavage efficiency of 242-fold, and an appreciable 

enhancement in cytotoxicity of 4.2-fold on CA46 cells (Figure 2A).

To confirm that furin cleavage was enhanced in living cells, we evaluated a time course of 

CA46 cells treated with HA22-LR (Figure 3A), HA22-LR R279G (Figure 3B), and HA22-

LR/FUR (Figure 3C). Lysates from treated cells were examined for full length and cleaved 

RITs by Western blot. Bands representative of full-length, reduced, and furin-cleaved RIT 

are indicated. Each band was evaluated by densitometry, and the cleaved fraction of total 

protein was plotted against time for each of the three RITs (Figure 3D). As expected, the 

HA22-LR R279G mutant showed no observable cleavage, HA22-LR showed a small 

fraction of cleaved protein, and HA22-LR/FUR showed a greatly enhanced fraction of 

cleaved protein. This supports the validity of the in vitro furin cleavage data for HA22-LR/

FUR, and is consistent with our hypothesis that rationally designed furin site mutations can 

significantly enhance the rate of furin cleavage. In addition, the R279G mutation eliminates 

observable cleavage of HA22-LR, and indicates that other proteases cannot compensate for 

lack of furin cleavage.
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Further analysis of the cytotoxicity of HA22-LR/FUR on a selection of CD22-positive B cell 

lines demonstrated that enhanced cytotoxicity was retained across all lines tested (Figure 4). 

The magnitude of the enhancement, however, was inconsistent. The greatest change was 

observed in the Daudi cell line, which showed a 7.2-fold increase in cytotoxicity relative to 

HA22-LR. The 4.3-fold enhancement seen in the Ramos line was similar to the 4.2-fold 

enhancement observed in CA46. The KOPN-8 (1.9-fold) and Raji (1.5-fold) cell lines 

showed smaller enhancements. These observations are consistent with our initial hypothesis 

that enhancing furin cleavage can increase RIT cytotoxicity, but the differences between cell 

lines supports the idea of a greater underlying complexity.

In addition to HA22-LR/FUR, we also evaluated the activity of HA22-LR R279G on these 

cell lines. We found a generally consistent trend of diminished activity except for the Ramos 

cell line, which showed similar activity to HA22-LR (Figure 4). As discussed above, these 

results agree that furin cleavage is not an absolute requirement for intoxication, although in 

all cases the enhanced cleavage of HA22-LR/FUR consistently leads to enhanced 

cytotoxicity.

The level of furin expression in these cell lines may influence RIT cytotoxicity. We assessed 

furin expression by Western blot of lysates from the CA46, Raji, Ramos, and Daudi cell 

lines (Figure 5). The level of furin detected was visually similar in all cell lines. We 

confirmed this conclusion using band densitometry. Relative to the actin loading control, 

CA46 showed the highest levels of furin expression. The remaining cell lines showed 

slightly reduced expression levels compared to CA46, ranging from Raji (72% of CA46 

levels) to Daudi (90% of CA46 levels). Although these differences are relatively small, a 

comparison of furin expression to the cytotoxicity results shows that the two parameters do 

not correlate.

Cytotoxicity toward HCL Patient-Derived Cells.

To determine whether the combination mutant would be effective against cells obtained 

directly from patients, we analyzed cells from six patients with HCL. In these assays, we 

compared the parent molecule, moxetumomab pasudotox (HA22), to variants HA22-LR, 

HA22-LR/FUR, and HA22-LR R279G. The resulting data from trials using both an ATP-

depletion viability assay and a protein synthesis inhibition assay are summarized in Table 1. 

High levels of HA22-LR/FUR activity were observed for all patient cell populations tested, 

but the relative activity was variable. Relative to moxetumomab pasudotox, HA22-LR/ FUR 

exhibited enhanced activity in HH01 and RD27, similar activity in BL02, C117, and HH20, 

and reduced activity against C186. Relative to HA22-LR, HA22-LR/FUR exhibited similar 

or enhanced activity against all patient cells except for C186. Comparing the ATP-depletion 

assay, statistically significant differences (p < 0.001 in a two-tailed unpaired t test) were 

observed between HA22-LR and HA22-LR/FUR in patient cells C117, HH20, HH01, and 

C186. Interestingly, HA22-LR R279G was consistently much less active than the other RITs 

tested, frequently showing reductions in activity of 100-fold or greater. This result indicates 

that furin cleavage may be essential in HCL patient cells, suggesting an intrinsic difference 

in the intoxication pathway between these cells and the cell lines we evaluated.
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Anti-Mesothelin RIT.

Thus far, our experiments have been confined to the anti-CD22 RIT HA22-LR. To explore 

whether furin site mutations might be applicable to other PE-based RITs, we tested the same 

point mutations on the anti-mesothelin RIT SS1-LR/GGS.24 SS1-LR/GGS is constructed 

similarly to HA22-LR, but contains an anti-mesothlin Fv in place of the anti-CD22 Fv in 

HA22-LR and a Gly-Gly-Ser linker following the furin cleavage site. We initially evaluated 

the cytotoxicity of furin site mutants on the activity of SS1-LR/GGS against the mesothelin-

positive cervical carcinoma cell line KB31 (Figure 6C). Our results showed that no mutation 

enhanced the activity of the RIT, and several mutations, most notably P278K, showed a 

significant decrease in cytotoxicity. These results were remarkably different from our 

observations of HA22-LR. To confirm these results, we further tested lung adenocarcinoma 

lines L55 (Figure 6B) and NCI-H322M (Figure 6B). The NCI-H322M line showed a 

cytotoxicity profile nearly identical to that of KB31. The L55 line showed a similar profile, 

but did show one mutation, E282D, with enhanced activity of 1.7-fold.

These results indicate that SS1-LR/GGS is not freely amenable to changes in the furin 

cleavage site, and highlight the importance of the RIT target to its cytotoxic behavior. 

Although the activity of HA22-LR on CD22-positive cell lines can be improved by 

mutations that enhance furin cleavage, SS1-LR/GGS fails to show a similar effect on 

mesothelin-positive lines. By extension, the data suggest a fundamental difference in the 

intoxication pathway between anti-CD22 and anti-mesothelin RITs. We speculate that the 

cause of this difference must lie in the initial stages of receptor-mediated internalization and 

intracellular trafficking of the RIT. Research into the intoxication pathway of another PE-

based RIT, LMB2, has shown that differences in the intracellular route can significantly 

impact the cytotoxicity.34 The targets themselves are quite distinct. CD22 is a large 

transmembrane glycoprotein that shows constitutive endocytic recycling,35 while mesothelin 

is a glyocophosphatidylinositol (GPI)-linked protein6 and thus is internalized and sorted 

independently of cytosolic interactions.36 These differences between targets may 

significantly impact RIT intoxication. Research is under way to explore the differences 

between RIT target receptors, but further development of furin site mutations in the anti-

mesothelin RIT SS1-LR/GGS is not warranted.

CONCLUSIONS

In the experiments presented here, we explored the hypotheses that (1) we could enhance the 

furin cleavage efficiency of PE-based RITs through rationally designed mutations in the 

furin-cleavable linker and (2) these mutations could enhance RIT cytotoxicity by increasing 

the rate of a restrictive step during intoxication. The data demonstrate that we can greatly 

enhance the efficiency of furin cleavage by rational design of the target site, but cannot 

predict a priori the cytotoxic effects of such mutations. We conclude that the role of furin in 

the intoxication pathway of PE-based RITs is more complex than a simple cleavage/

activation, and more research is needed to determine the role of furin in the intracellular 

trafficking of PE and its derivatives. Mutations in the furin linker of the anti-CD22 RIT 

HA22-LR, however, are candidates for additional preclinical development. Future directions 

include in vivo mouse studies of the HA22-LR furin-site variants to evaluate antitumor 
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activity, nonspecific toxicity, and pharmacokinetics. Furthermore, our data informs the 

design of furin-cleavable linkers for all bioconjugates and suggests that cleavage parameters 

may require optimization.

EXPERIMENTAL PROCEDURES

Proteins.

HA22-LR, SS1-LR, and all derivative mutants were expressed in Escherichia coli 
BL21(λDE3) from vectors expressing either the heavy chain polypeptide of the Fv (VH) 

joined to PE or the light chain polypeptide of the Fv (VL). The two polypeptides were 

subsequently refolded and purified as described.37 All RITs were prepared by the authors in 

the Laboratory of Molecular Biology, National Cancer Institute (NCI; Bethesda, MD). 

Mutations were generated either by Quikchange site-directed mutagenesis (Stratagene, La 

Jolla, CA) with primers from Lofstrand Laboratories Limited (Gaithersburg, MD), or by 

direct gene synthesis (GenScript USA Inc., Piscataway, NJ).

Cell Lines.

Several CD22-positive human-derived cell lines were used in this study: CA46, Raji, Ramos, 

Daudi, and KOPN-8. Mesothelin-positive cell lines KB31, L55, and NCI-H322 M were also 

used. CD22-positive lines were cultured in RPMI-1640 base medium supplemented with 1 

mM sodium pyruvate, and mesothelin-positive lines were cultured in DMEM base medium. 

All lines were cultured at 37 °C with 5% CO2 in medium supplemented with 10% FBS, 2 

mM L-glutamine, 100 U penicillin, and 100 μg streptomycin (Life Technologies).

In Vitro Furin Cleavage Assay.

Furin (100 U/mL; New England Biolabs, Inc., Ipswich, MA) was incubated at 37 °C with 

individual RITs (0.25 mg/mL) in furin cleavage buffer (100 mM MES, 5 mM CaCl2, 50 mM 

NaCl, pH 5.5). At various time points, samples were removed, diluted 2-fold in 2× SDS tris-

glycine sample buffer, heated to 85 °C for 2 min, and analyzed by nonreducing SDS-PAGE 

using Novex 4–20% acrylamide tris-glycine 1.5 mm 15-well gels (Life Technologies). The 

gels were stained with SimplyBlue Safestain (Invitrogen Corporation) and scanned into TIF 

files. The densities of the full-length and cleaved bands were quantified with ImageJ 
software.38 The ratio of the cleaved band to the full-length band was plotted against time and 

fit to a two-exponent association function using GraphPad PRISM software.

Cytotoxicity Assays.

Viability of cell lines treated with immunotoxins was measured using the Cell Counting 

Kit-8 WST-8 assay (Dojindo Molecular Technologies, Inc.). Cells (2000 cells/well) were 

plated in 96-well plates, left overnight to adhere, and incubated with varying concentrations 

of RITs for 72 h at a final volume of 0.2 mL. For assays using PPCI (EMD Millipore, 

Billerica, MA), PPCI was added to the culture media immediately prior to plating the cells 

and included with the RITs to maintain the appropriate concentration. At the end of the 

incubation period, 10 μL of the CCK-8 reagent was added to each well and the plates were 

incubated at 37 °C until the wells with the maximum absorbance at 450 nm reached values 

of ~1 OD. Values were normalized between controls of cycloheximide (10 μg/mL) and 
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buffer (Dulbecco’s phosphate buffered saline without Ca and Mg (D-PBS) containing 0.2% 

human serum albumin), then fit to a sigmoidal equation with variable slopes for the plateau, 

baseline, and Hill slope using GraphPad PRISM software. The equation was subsequently 

used to interpolate the concentration of RIT, which reduced cell viability to the 50% level 

(EC50). Cells from patients with HCL were similarly evaluated using a protein synthesis 

inhibition assay36 and an ATP depletion assay39 as previously described.

RIT Internalization Assay.

CA46 suspension cells (2 × 106/well) were plated in a 6-well plate with 2 mL medium 

containing 0.1 μg/mL of the RIT to be evaluated. Cells were incubated at 37 °C for various 

time intervals, after which the cells were harvested and washed consecutively with 1 mL 

cold D-PBS, 1 mL cold stripping buffer (1 mg/mL BSA in 0.2 M glycine, pH 2.5), and 1 mL 

cold D-PBS. Cells were subsequently lysed with 100 μL RIPA buffer (150 mM NaCl, 1 mM 

EDTA, 1% NP-40, 0.5% Na deoxycholate, 0.1% SDS, 50 mM Tris-Cl, pH 8.0) containing a 

protease inhibitor cocktail (Sigma, St. Louis, MO). Samples were analyzed by nonreducing 

Western blot using a rabbit anti-PE38 polyclonal antibody.

Furin Western Blots.

RIPA buffer lysates of the cell lines CA46, Raji, Ramos, and Daudi were evaluated for furin 

expression by Western blot. Blots were probed with rabbit anti-furin polyclonal antibody 

H-220 (Santa Cruz Biotechnology Inc., Dallas, TX) and loading control rabbit anti-actin 

polyclonal antibody (Thermo Fisher Scientific Inc., Waltham, MA). Bands were detected 

using an alkaline phosphatase-conjugated secondary antibody and the NBT/BCIP 

chromogenic substrate (Life Technologies).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

D-PBS Dulbecco’s phosphate buffered saline without Ca and Mg

HCL hairy cell leukemia

PE Pseudomonas exotoxin A

PE38 a 38 kDa fragment of PE

PPCI proprotein convertase inhibitor
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Figure 1. HA22-LR.
A. A hypothetical cartoon model structure of the PE-based RIT HA22-LR is shown. The Fv 

is colored blue, with cystines represented in orange. The catalytic fragment of PE is colored 

red, and the furin cleavage site is yellow. Residues 607–613 of native PE are disordered in 

the crystal structure and are not shown here. B. The furin cleavage site of HA22-LR is 

shown. The position and identity of amino acid residues at the native furin cleavage site of 

PE are shown. Residue numbering is based on the 613-residue native PE. Protease substrate 

position is based on standard Schechter and Berger nomenclature. Point mutations at the PE 

furin cleavage site, hypothesized to create a more efficient substrate for furin hydrolysis, are 

indicated.
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Figure 2. 
Properties of furin site mutants. A. Individual point mutations and the FUR multipoint 

combination mutant at the furin cleavage site of HA22-LR were compared using assays for 

both cytotoxicity and furin cleavage efficiency. Cytotoxicity is compared here as mean EC50 

values of the mutants relative to the HA22-LR. Values are averaged from at least three 

different assays against the CA46 Burkitt’s lymphoma cell line. Error bars denote standard 

error of the mean values. The cleavage efficiency is compared here as the cleavage rate of 

mutants relative to HA22-LR using an in vitro assay followed by SDS-PAGE and band 

densitometry. Example data for individual RITs is presented in Figure S1. B. A correlation 

plot comparing relative cytotoxicity with relative cleavage efficiency. Individual proteins are 

numbered as indicated in panel A.
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Figure 3. 
Internalization and cleavage of HA22-LR/FUR. We evaluated whole cell lysates from CA46 

cells incubated for various time intervals with HA22-LR (A), HA22-LR R279G (B), or 

HA22-LR/FUR (C) by nonreducing Western blot for PE. Full-length, reduced, and furin-

cleaved fragments are indicated. The intensity of each band was quantified and the ratio 

between the furin-cleaved band intensity and the total intensity of all bands at each time 

point was plotted over time (D). HA22-LR (open circles), HA22-LR R279G (open 

triangles), and HA22-LR/FUR (open squares) are shown.
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Figure 4. 
Relative cytotoxicity of HA22-LR/FUR We evaluated HA22-LR, HA22-LR R279G, and 

HA22-LR/FUR for cytotoxicity on several CD22-positive cell lines (KOPN8, CA46, Daudi, 

Ramos, and Raji). The relative mean EC50 values with standard error (ng/mL) from at least 

three separate experiments are presented here, normalized to HA22-LR.
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Figure 5. 
Furin expression levels. We evaluated lysates of the cell lines CA46, Raji, Ramos, and Daudi 

for furin by Western blot. Lysates were probed with antibodies for furin (A) and actin (B). 

The intensity of each band was determined and the ratio of the band densities for each cell 

line was normalized to CA46 to estimate relative expression levels (C).
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Figure 6. 
SS1-LR/GGS furin site mutants. We evaluated individual point mutations in the furin 

cleavage site of SS1-LR/GGS for cytotoxicity against three mesothelin-positive cell lines: 

KB31, L55, and NCI-H322M. Mean EC50 values (ng/mL) from at least three separate 

experiments are presented here relative to SS1-LR/GGS.
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