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Relapsed CLL after sequential treatment with targeted therapies has a dismal prognosis and 

represents an increasing unmet medical need1;2. Immunotherapies such as CAR T-cell therapy or 

bispecific antibodies may be efficacious in this setting, but are not readily available to patients 

outside clinical trials3. Direct drug testing on tumor cells can indicate treatment vulnerabilities4, and 

implementation of this approach in treatment decisions for aggressive refractory hematological 

malignancies led to improved treatment5. Elucidation of treatment sensitivities in multi-drug 

refractory CLL may thus inform novel therapeutic concepts for this patient group. Indeed, our 

demonstration of ex vivo sensitivity to proteasome inhibition provided the basis for use of off-label 

ixazomib citrate in an index case of relapsed CLL after treatment with ibrutinib, idelalisib, 

alemtuzumab, and venetoclax/rituximab.  

 We report a high-resolution cellular and functional analysis using mass cytometry, flow 

cytometry, ex vivo killing assays, and drug sensitivity testing on peripheral blood mononuclear cells 

(PBMCs) collected from the index patient at 7 time-points before, during, and after treatments.  Our 

findings may indicate the molecular and cellular determinants of the treatment-responding and non-

responding states of the disease and highlight the clinical value of direct drug testing to identify 

effective, personalized therapies for relapsed CLL. 

 Written informed consent was obtained before sample collection. The study was approved 

by the Regional Committee for Medical and Health Research Ethics of South-East Norway. The index 

patient was diagnosed with CLL at the age of 70. The disease presented with unmutated IGVH, 

mutated TP53 and homozygous del(13q14). His treatment history is presented in Figure 1a. The 

patient was intolerant to ibrutinib and idelalisib, then received treatment with alemtuzumab 

experiencing stable disease (Figure 1a). Upon disease progression, the CLL was treated with 

venetoclax/rituximab, and the patient obtained complete remission (CR) with undetectable minimal 

residual disease (uMRD) (Figure 1a). At this point, the therapy was held (Figure 1a). After almost 2.5 

years off therapy, the disease relapsed with severe bone marrow failure. Retreatment with 

venetoclax failed (Figure 1a).  
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 Serial peripheral blood samples were collected from the patient (Figure 1a). PBMCs collected 

at T1 (after ibrutinib and idelalisib) and T6 (after venetoclax retreatment) (Figure 1a), and from three 

treatment-naïve CLL patients, were subjected to direct drug sensitivity screening with 93 single 

agents at 5 concentrations6. The drug sensitivity score (DSS) was calculated based on the area under 

the concentration-response curve7 (Figure 1b). The drug testing confirmed statistically significant 

reduced drug sensitivity at T6 relative to T1 and treatment-naïve CLL (p<0.0001 using 2-way ANOVA 

with Dunnett’s multiple comparisons test). The concentration-response curves for venetoclax are 

shown in Figure 1c. The solid, vertical line indicates the in vitro venetoclax concentration (2000 nM) 

which corresponds to the peak plasma concentration (1.75 µg/mL) obtained when venetoclax is 

administered at 400 mg/day8. As shown, venetoclax was effective at clinically achievable 

concentrations in PBMCs collected at T1, while the sensitivity was lower in PBMCs collected at T6 

(Figure 1d). Indeed, the DSS was reduced with 67% at T6 relative to T1. 

 Interestingly, the CLL cells collected at T6 remained highly sensitive to the proteasome 

inhibitors bortezomib and ixazomib citrate (Figure 1b-c). Ixazomib citrate is an orally administered 

second-generation proteasome inhibitor approved for treatment of multiple myeloma. Pre-clinical 

effects on CLL have been observed
9-11

, and phase I/II trials in non-Hodgkin lymphoma are active 

(www.clinicaltrials.gov). Ixazomib citrate is administered at 4 mg/day, which gives a maximum 

observed plasma concentration of 65.3 ng/mL
12

, corresponding to an in vitro concentration of about 

130 nM (Figure 1c; dashed, vertical line). The patient was started on treatment with 4 mg ixazomib 

citrate on day 1 of each 7-day cycle combined with 20 mg (instead of 40 mg to reduce side effects) 

dexamethasone on days 1 and 2 of each 7-day cycle. This is according to the summary of product 

characteristics (SPC) for ixazomib citrate and the approved dosing according to the European 

Medicines Agency. The patient was transfusion dependent with very severe thrombocytopenia 

(<10x109/L, Figure 1d) which made an oral proteasome inhibitor preferable. Therapy resulted in 

increased numbers of reticulocytes, thrombocytes, and hemoglobin, indicating that the therapy was 

effective (Figure 1d). The bone marrow response to treatment (T7) is illustrated in Figure 1e. At 
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present, >120 days after treatment initiation, the patient is transfusion independent with no 

bleedings, he is able to exercise and has an active life. 

 To map the cellular responses to venetoclax treatment, PBMCs collected at T1-T3 (Figure 1a) 

were subjected to immune cell phenotyping by single-cell mass cytometry (Figure 2a). As expected, 

the IgM+CD19+ CLL B cell population dominated at T1-T2 (Figure 2a). However, after 7 months on 

venetoclax, this population was almost eradicated (T3, Figure 2a). This demonstrated the efficacy of 

venetoclax and aligned with the later achieved CR with uMRD (Figure 1a). Interestingly, as a result of 

treatment, the CD3+ T cell- and CD14+ monocyte-populations were restored (Figure 2a). Reshaping of 

the immune cell composition in response to venetoclax treatment has been reported13.  

 Of particular interest, we also observed that the CD56+ natural killer (NK) cell population had 

significantly expanded at T3 (41% of PBMCs at T3 versus 0.4% at T1, Figure 2a).  This population 

included the standard CD56dimCD16hi cells and expanded, immature CD56brightCD16low cells. Both cell 

types were similarly activated (HLA-DR+, Ki67+, Figure 2b). NK cell numbers continued to increase 

after venetoclax therapy was held, and were still high (>20%) more than a year prior to disease 

relapse (T5, Figure 2c), but had fallen below 10% when the disease was progressing (T6, Figure 2c). 

The expanded NK cells (T3-T5) contained a large fraction of CD56
bright

 cells (34-54%) (Figure 2d), 

possibly reflecting immature cells recruited from the bone marrow. 

  We next investigated the lytic activity of purified, bulk NK cells at T4-T7 against autologous 

CLL or K562 cells. NK cells from T5 exerted increased cytotoxicity against the autologous T1 CLL cells, 

relative to NK cells from T4 (Figure 2e). Killing of K562 cells was lowest at T6, suggesting reversal of 

the augmented NK-cell mediated cytotoxicity at relapse (Figure 2e). Cytotoxicity was higher at T7, 

but no activity against T6 CLL cells was observed (Figure 2e).  

Further analysis showed a temporal decreased expression of CD16 and an increased 

expression of the activation marker CD69 on CD56dim NK cells between T3-T5 (Figure 2f). This 

matched the expression of the exhaustion marker TIGIT that initially was high, then normalized, 

except for a temporal increase at T6 (Figure 2f). Further, a compensatory temporal increase in the 
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less mature NKG2A+CD57- subset was observed after venetoclax treatment (T3-T5), with concomitant 

reduction of terminally differentiated CD57+ NK cells (Figure 2f). Collectively, these data show an 

activated NK-cell compartment with signs of exhaustion and enhanced killing efficacy after 

venetoclax treatment (>T3) with normalization at relapse (T6) in this patient. 

 To further evaluate the mechanism of venetoclax response and resistance in the index 

patient and of ixazomib citrate response, we next profiled the expression and activation status of 30 

intracellular proteins in the serial CLL samples14 (Figure 3a). Interestingly, PBMCs collected when the 

patient was responding to either venetoclax or ixazomib citrate (T4 and T7, respectively), showed a 

more similar profile than PBMCs collected when the patient had active disease (T1 and T6; Figure 

3a). Notably, expression of Bcl-2 was significantly lower at T4 than at the other time-points (Figure 

3b), while Bim dropped at T6 (Figure 3b). Proteins downstream of the B cell receptor, including BTK , 

MEK1, and S6-ribosomal protein, displayed enhanced phosphorylation levels at time of relapse (T6 

versus T4; Figure 3a-b). Upregulation of the MEK pathway in combination with decreased Bim has 

also previously been associated with drug resistance in CLL
15

. In general, treatment with ixazomib 

citrate restored the protein expression and activation levels to a similar level as when the patient 

was in remission after venetoclax treatment (T7 versus T4; Figure 3b).   

 Taken together, our study provides mechanistic insight to clinical response and resistance to 

targeted therapies (Figure 3c), as well as proof-of-concept for direct drug testing as a method to 

guide effective personalized therapy for relapsed CLL. Since drug sensitivity screens can be 

performed and analyzed in only five days, it is possible that this method can be used as a companion 

diagnostic for CLL patients in need of therapy. Clinical trials are needed to test this approach to 

functional precision medicine.  
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FIGURE LEGENDS 

Figure 1. Ixazomib citrate is effective against CLL ex vivo and in vivo 

a. Graphical illustration of the index patient’s treatment history, shown as years since diagnosis. 

Peripheral blood mononuclear cells (PBMCs) were collected at the indicated time-points T1-T7. AE: 

Adverse event; CR: complete remission; NR: no response; SD: Stable disease; UM-CLL: IGVH 

unmutated CLL; uMRD: undetectable minimal residual disease. The figure was created with 

Biorender.com. 

b. PBMCs collected from three treatment naïve CLL patients, as well as at T1 and T6 from the index 

patient, were co-cultured with CD40L+, BAFF+, and APRIL+ L cells (ratio 1:1:1) for 24h prior to initiation 

of the experiment to mimic the tumor microenvironment. The L cells were then removed and the CLL 

cells were treated with the indicated 93 single agents at 5 different concentrations (1 nM – 10.000 

nM) for 72h. Cell viability was assessed with the CellTiter-Glo luminescent assay. The response 

readouts were normalized to the negative (0.1% DMSO) and positive (100TµM benzethonium 

chloride) controls. The heatmap was created using ClustVis (https://biit.cs.us.ee/clustvis/) and 

illustrates the calculated DSS on a scale from 0-100 (see key, right). Rows are clustered using 

Manhattan distance and Ward (unsquared distances) linkage. 

c. Relative cell viability of PBMCs collected at T1 or T6 in response to venetoclax, bortezomib or 

ixazomib citrate exposure. The experiment is described in b). The solid, vertical line indicates the 

maximum plasma concentration of venetoclax reported for patients treated with 400 mg/day. The 

dashed, vertical line indicates the maximum plasma concentration of ixazomib citrate for patients 

treated with 4 mg/day. 

d. Blood counts of the index patient in response to treatment with ixazomib citrate + 

dexamethasone. 

e. Anti-Pax-5- and hematoxylin and eosin (H&E)-stained sections of bone marrow from T6 and T7, at 

2x magnification. Pax-5 positive cells are shown in brown. CLL cells were reduced from 90% (T6) to 

65% (T7) of the bone marrow cellularity. 
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Figure 2. Evolution of NK cells in response to venetoclax and ixazomib citrate treatments 

a. Opt-SNE representation of immune cells (CyTOF) based on protein expression of lineage-defining 

surface markers in peripheral blood mononuclear cells (PBMCs) collected at T1-T3 and from a healthy 

age-matched blood donor (HD). The top row shows density of cells. The numbers indicate percentage 

of cells in the respective gate. The bottom row shows back-gated CLL cells and naïve B cells 

(IgM+CD19+), T cells (CD3+, including NK T cells CD3+CD56+, lower regions), monocytes (CD14+), and 

NK cells (CD56+) (see color key). 

b. Gated NK cells shown in overlayed contour plots for a healthy age-matched blood donor (HD; 

black) and CLL T3 (blue). CD56 versus CD16 (left panel) and Ki67 versus HLA-DR (right panel) are 

shown. Quadrant percentages are shown in black (HD) and blue (T3) font. 

c. Frequencies of CD3-CD56+ NK cells among CD19- lymphocytes at T1-T7, detected by flow 

cytometry. 

d. Frequencies of CD56
bright

 and CD56
dim

 NK cell subsets within CD3
-
CD56

+
 NK cells at T1-T7, detected 

by flow cytometry. 

e. Specific lysis of K562 cells or CLL blasts (from T1 or T6) by CD56
+
-positively selected NK cells 

isolated at indicated time-points or from a healthy donor (HD). Cell death was monitored as PI
+
 

events within CFSE pre-stained CLL blasts. 

f. Frequencies of indicated subsets within CD3
-
CD56

dim
 NK cells at T1-T7, detected by flow cytometry. 

 

Figure 3. Evolution of protein profile in response to venetoclax and ixazomib citrate treatments 

a. PBMCs collected at T1, T4, T6, and T7 were fixed, permeabilized and stained with the indicated 

antibodies. Signals in CD19+ cells were analyzed by flow cytometry. Raw data were analyzed in 

Cytobank (https:/cellmass.cytobank.org/cytobank/) and transformed to an arcsinh ratio relative to 

the signal in isotype control-stained cells, which was set to zero. The heatmap was created using 
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ClustVis (https://biit.cs.us.ee/clustvis/). Both rows and columns are clustered using Manhattan 

distance and Ward linkage. 

b. Protein expression and phosphorylation levels detected in g).  

c. Graphical summary of some of the cellular characteristics of the PBMCs collected at T1-T7. The size 

of the symbols reflects the relative detected level at each sampling time. Refer to Figure 1a for 

details regarding treatment history. n.e: not established. The figure was created with Biorender.com. 








