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Supplementary Data 

Short term results of vaccination with adjuvanted recombinant varicella zoster glycoprotein E during initial BTK inhibitor therapy for CLL or lymphoplasmacytic lymphoma 


Methods

Patients: The study protocol was reviewed and approved by the University of Rochester Medical Center Institutional Research Subjects Review Board (RSRB) and conducted in accordance with the Declaration of Helsinki and the principles of Good Clinical Practice. All subjects provided signed written informed consent. Patients were diagnosed with chronic lymphocytic leukemia/small lymphocytic leukemia (CLL) using International Workshop on CLL criteria1 and lymphoplasmacytic lymphoma/Waldenstroms macroglobulinemia (LPL) was diagnosed using World Health Organization criteria.2 
Definition of proximal vaccination: Any live virus vaccine in the period from 4 weeks prior to first dose through 28 days post-second dose; any inactivated vaccine in the 7 days prior to first dose through 7 days post-second dose).
The accrual goal was 30 evaluable subjects defined as receiving both vaccinations and providing blood samples at baseline and 4 weeks after the last vaccination.  To allow for a possible 10% drop-out rate the goal was to recruit 33 subjects. As the primary goal was the estimation of response in this population, the sample size goal was chosen based on the half-width of an exact Clopper-Pearson 2-sided 90% confidence interval for the proportion who achieved a humoral response.
Vaccine source and administration: The vaccine was purchased through commercial supply and administered by the University of Rochester Medical Center Outpatient Pharmacy. A single-dose vial of lyophilized rVZgE was reconstituted with the accompanying vial of AS01B adjuvant suspension component (0.5 mL) and administered intramuscularly.
Control specimens: healthy donor control blood specimens were obtained through an established RSRB-approved sampling protocol at the University of Rochester. 
Humoral immune response assay: Serum IgG specific for VZgE to selected non-VZ proteins by ELISA as previously described.3  In brief, Nunc MaxiSorp 96-well plates were coated with optimized concentrations of VZgE in PBS, or hemagglutinin of influenza virus A/California/4/2009 (H1N1), or tetanus toxoid (TTd). Serial 3-fold dilutions of samples were added to blocked plates, followed by alkaline phosphatase-conjugated anti-human IgG (clone MT78; Mabtech, Cincinnati, OH), and then p-nitrophenyl phosphate substrate. Well absorbance was read at 405 nm after color development. Weight-based concentrations of antigen-specific IgG were assigned using human serum standards as described previously.3, 4 The limit of assay sensitivity was set at 0.2 μg/mL for all antigens.
Cellular response assay: Cellular response to vaccine was evaluated by measuring VZgE specific T cell responses in blood and were the exploratory component of this study.  Peripheral blood mononuclear cells (PBMCs) were separated over Ficoll-hypaque, frozen and cryopreserved before analysis. PBMCs were thawed, washed and rested overnight (16-18 hours) at 370C, 5% CO2. Cells were then plated (96 well V-bottom; ~2-3 million cells per well; 200 μL reaction volume) and stimulated with the following: irrelevant peptide pool, VZ peptide pool, and SEB (Staphylococcus aureus, Enterotoxin Type B). The irrelevant negative control Sin Nombre virus (NM H10, Glycoprotein Precursor (BEI Resources, NR-4764); 13- to 18-mer peptides, with 11 to 14 amino acid overlaps; 59 peptides were randomly selected for reconstitution) and VZ (Dumas strain, envelope gE, 15-mer peptides with 5 amino acid overlaps; 59 peptides (Mimotopes, custom order)) peptide pools were each used at a final concentration of 1 μg/mL. SEB (positive control) was used at a final concentration of 2 μg/mL.
	Golgi-plug (Brefeldin A) was added 2 hours into the 10-hour stimulation. Following stimulation, cells were stained with Live/Dead (amine-reactive dye) and surface markers CD4, CD5, CD8a, CD14, CD19, CD45RA, and CD45RO (Table 1). Cells were washed, fixed and permeabilized (BD Cytofix/Cytoperm kit) prior to staining with intracellular markers CD3, CD69, IL-2, IL-4, IFN-γ and TNF-α (Table 1). Cells were then washed and analyzed on a BD LSRII flow cytometer (PMT voltages normalized per run to pre-determined ‘Peak6’ (Spherotech) median fluorescence target values).
CD4+ T cell events were manually gated and exported from FlowJo. R-based packages and scripts were used for all post-export processing and analysis. Processing (reading, compensation, and transformation) of .fcs files was performed using flowCore.5 High-dimensional clustering analysis of the CD4+ subset was performed using FlowSOM.6 SEB stimulated cells were used to initialize the clustering due to the high proportion of cytokine producing cells. Over-clustering followed by expert-guided merging was used to define the final number of CD4+ T cell clusters/populations and all samples were mapped to this result.  FlowSOM clustering results used in downstream analysis were represented as either proportion of total or count per million, per sample. A paired sample t-test with adjusted (Benjamini & Hochberg) p-values was used to determine clusters significantly associated with rVZgE vaccination. For determination of the ≥2-fold increase in the frequency of activated CD4+ T cell clusters we used the measured changes in subjects with pre-vaccination CD4+ T cell cluster frequencies above the cut-off of 0.0066% (the irrelevant peptide average), or a ≥2-fold increase above the cut-off for subjects with pre-vaccination frequencies below the cut-off.
Identification of unique CD4+ clusters: High-dimensional clustering analysis using FlowSOM was used to identify 6 unique CD4+ clusters which were significantly associated with rVZgE vaccination (Supplementary Figure 1A).  Stimulation with exogenous VZgE peptides elicited highly-specific cytokine producing CD4+ T cells (Supplementary Figure 1A) and while relatively rare, these cells defined by the described clustering analysis, were used to summarize a response signature to the rVZgE vaccine (Supplementary Figure 1B).  While there was variation observed between individual subjects, the majority displayed a substantial fold-change for each of the five clusters following rVZgE vaccination. The cumulative sum of the total response was also quantified (Supplementary Figure 1C) and the mean fold-changes were as follows: cluster 1, 3.3 fold; cluster 2, 6.3 fold; cluster 3, 6.6 fold; cluster 8, 23.2 fold; cluster 10, 14.6 fold.
Clinical response to vaccination was limited to telephonic follow up for selected attributable grade >2 adverse effects (pain, myalgia, fatigue, headache and fever) at 2 weeks after dose 1 and review for grade >2 events up to 30 days after dose 2 in the electronic clinical record. 
Statistical analysis: Humoral and cell mediated immune responses, with thresholds defined above, are described by percent of those vaccinated with exact (Clopper-Pearson) 90% confidence intervals (CI).  Fisher’s exact test was used to assess the association between humoral and cell mediated immune responses.  Geometric mean of the humoral pre-vaccine concentration, post-vaccine concentration, and fold change was determined and reported with 90% CI.  Confidence intervals were computed by anti-log transformation of the 90% CI for the mean of the base 2 log-transformed values assuming a t-distribution with n-1 degrees of freedom.  Cell mediated immune response is described by the median fold change at 4 weeks with the inter-quartile range (IQR).  Spearman Rank correlations between humoral and cell mediated fold change are reported with 90% CI based on Fisher’s z-transformation.  The association baseline characteristics with humoral response and fold change were evaluated with Fisher’s exact test and Wilcoxon’s rank sum test, respectively. 

Discussion 

Assessment of individual vs. population response to vaccination: The serum concentrations of VZgE binding IgG in the 8 patients not achieving a humoral response ranged from 0.5 to 8.1 μg/mLpre-vaccination and 0.7 to 23.4 g/ml post-vaccination. Among these patients, only two had no increase in serum concentration of VZgE binding IgG in response to vaccination. In six patients the post-vaccination serum concentration (3.2 – 23.4 μg/mL) was above the lowest post-vaccination serum concentration (2.2 μg/mL) achieved in a patient with a ≥4 fold increase in serum concentration that defined a humoral response.  Among the 6 patients considered not to have a T cell response to vaccination, one had 0.0309% VZgE specific T cells pre-vaccination that increased to 0.0492% post-vaccination, a value higher than 11 of 26 patients considered to have a T cell response to vaccination.
Correlation between humoral and T-cell responses:  Within the subset of patients with CLL the estimated correlation was 0.36 (90%CI= 0.0, 0.64) which is comparable to the significant Spearman rank correlation between humoral and cell mediated immunity of 0.433 previously reported in a larger population (n=164) of healthy older subjects receiving the rVZgE vaccine.7
Potential clinical applications of our findings: Given that the current standard of care is indefinite duration BTK inhibitor therapy if tolerated and effective, this finding could have clinical implications. For example, if our findings are validated, patients receiving BTK inhibitor therapy should consider vaccination early in the course of treatment to maximize efficacy. In the CLL cohort of 12 patients that had received rituximab  ≥1 year before their first vaccination the 50% humoral response rate was lower than the 90% in the 10 CLL patients who did not receive prior rituximab, but this difference was not significant (p=0.07). These data suggest that the long term effect of rituximab therapy on  humoral response should be studied further in a larger cohort. Because only four patients had previously received the live virus VZ vaccine and only five patients had a history of prior VZR, we were unable to study the effect of these events on vaccine response.  





































Supplementary Table 1 
Flow Cytometry Antibodies



	Marker
	Color
	Clone
	Company

	CD14
	BV510
	MφP9
	BD Biosciences

	CD19
	BV421
	HIB19
	BD Biosciences

	CD3
	AF700
	UCHT1
	BD Biosciences

	CD4
	PE-Cy5.5
	S3.5
	Invitrogen

	CD45RA
	BV650
	HI100
	BD Biosciences

	CD45RO
	BV711
	UCHL1
	BD Biosciences

	CD5
	FITC
	UCHT2
	BD Biosciences

	CD69
	APC-Cy7
	FN50
	BioLegend

	CD8a
	BV570
	RPA-T8
	BioLegend

	IFN-g
	PE-Cy7
	B27
	BD Biosciences

	IL-2
	BV605
	MQ1-17H12
	BD Biosciences

	IL-4
	PE
	MP4-25D2
	BD Biosciences

	Live/Dead
	Aqua
	polyclonal
	Life Technologies

	TNFa
	BV785
	MAb11
	BioLegend















Supplementary Table 2
Patient Characteristics 

	
	Study cohort
	CLL
	LPL

	Sample size
	32
	22
	10

	Demographics1

	Age at diagnosis (years)
   Median (IQR)
   Range
	
59 (55,71)
36-85
	
56 (51, 61)
36-79
	
72 (70,78)
60-85

	Age at first vaccine (years)
   Median (IQR)
   Range
	
69 (59,76)
50-88
	
64 (58,70)
50-82
	
79 (74,86)
68-88

	Diagnosis to first vaccine (years)
   Median (IQR)
   Range
	
          5 (2,10)
1-31
	
5 (3,9)
1-31
	
2 (1,15)
1-16

	Male n (%)
	21 (65.6)
	13 (59.1)
	8 (80.0)

	White race n (%)
	31 (96.9)
	21 (95.5)
	10 (100)

	Non-Hispanic ethnicity n (%)
	32 (100)
	22 (100)
	10 (100)

	Zoster History

	Previously vaccinated n (%)
   Yes
   No
   Unknown
	
4 (12.5)
25 (78.1)
3 (9.4)
	
2 (9.1)
18 (81.8)
2 (9.1)
	
2 (20.0)
7 (70.0)
1 (10.0)

	History of VZR n (%)
   Yes
   No
   Unknown
	
 5 (15.6)
20 (62.5)
 7 (21.9)
	
  4 (18.2)
14 (63.6)
  4 (18.2)
	
1 (10.0)
6 (60.0)
3 (30.0)

	Treatment for CLL or LPL

	Watch and wait (years)
   Median (IQR)
   Range
	
1.3 (0.2, 6.3)
0.02-28.5
	
1.5 (0.4, 6.1)
0.02-28.5
	
0.4 (0.05, 11.9)
0.02-15.0

	BTKi  n (%)
   Ibrutinib
   Zanubrutinib
	
31 (96.9)
1 (3.1)
	
22 (100)
0
	
9 (90.0)
1 (10.0)

	BTKi  therapy duration (months)2
   Median (IQR)
   Range
	
32.8 (14.6, 45.2)
4.1-70.8
	
37.3 (27.9, 48.7)
4.1-70.8
	
13.5 (10.5, 23.6)
9.8-47.1

	CLL-specific Characteristics 

	Clinical stage (Rai) 
   0
   I
   II
   III
   IV
	
	
 2 (9.1)
   4 (18.2)
   4 (18.2)
   8 (36.4)
   4 (18.2)
	

	Rituximab Treated n (%)
	
	12 (54.6)
	

	Last rituximab to 1st vaccine (years)
   Median (IQR)
   Range
	
	
    3.1 (2.6, 3.9)
1.4 – 4.3
	

	IGHV SHM3
   Yes
   No
   Not done
	
	
4 (18.2)
12 (54.6)
 6 (27.3)
	

	FISH analysis 
del17p13
del11q22.3 
12+
del13q14 
Negative 
	
	
1 (4.5)
2 (9.1)
   7 (31.8)
 11 (50.0)
    5 (22.7)
	

	Beta-2 microglobulin   
    3.5 mg/L
   > 3.5 mg/L
   Not done
	
	
           5 (22.7)
11 (50.0)
   6 ( 27.3)
	

	LPL-specific Characteristics

	MYD88 L265P mutation 
	
	
	        10 (100)

	CXCR4 mutation
   Yes
   Not done
	
	
	
4 (40.0)
6 (60.0)

	IgM Level (mg/dL)
   Median (IQR)
   Range
	
	
	
2870 (2215, 5033)
970 - 5820



1. Compared to data reported for the US population8, this CLL population was younger and had a lower ratio of males to females, and the LPL population had a higher than expected male predominance. 
2. At time of first vaccine. 
3. IGHV SHM: somatic hypermutation of immunoglobulin heavy chain variable region >2% compared to germline.
Abbreviation: BTKi: Small molecule Bruton tyrosine kinase (BTK) inhibitor.  




Supplementary Table 3  
Univariate Associations with Humoral Response


	
	
	Fold Change
	WRS
test
	Response 
(≥4 Fold)
	FE
test

	
	N
	GM (90% CI)
	P-value1
	n (%)
	P-value1

	Demographics

	Age at diagnosis
   Age < median (59 yrs.)
   Age ≥ median
	
16
16
	
9.1 (4.0, 20.7)
19.1 (10.5, 34.6)
	0.18
	
10 (62.5)
14 (87.5)
	0.22

	Age at first vaccine
   Age < median (69 yrs.)
   Age ≥ median
	
16
16
	
16.8 (7.1, 39.9)
10.3 (5.8, 18.1)
	0.44
	
12 (75.0)
12 (75.0)
	>0.99

	Time from diagnosis
to first vaccine
   < median (4 yrs.)
   ≥ median
	

14
18
	

19.5 (9.4, 40.4)
9.7 (4.8, 19.7)
	0.28
	

12 (85.7)
12 (66.7)
	0.41

	Sex
   Male
   Female
	
21
11
	
16.1 (8.5, 30.3)
9.0 (3.7, 21.7)
	0.40
	
17 (81.0)
7 (63.6)
	0.40

	Disease Characteristics

	Histology
   CLL
   LPL
	
22
10
	
11.1 (5.6, 22.0)
19.4 (10.8, 34.8)
	0.34
	
15 (68.2)
9 (90.0)
	0.38

	IGHV SHM/CLL Only
   Yes
   No
   Not done
	
4
12
6
	
16.2 (5.5, 47.9)
11.1 (3.8, 32.5)
8.5 (1.5, 49.4)
	0.50
	
4 (100)
7 (58.3)
4 (66.7)
	0.24

	Del(13q)/CLL Only
   Yes
   No
	
11
11
	
12.2 (3.8, 39.6)
10.0 (4.1, 24.6)
	0.90
	
8 (72.7)
7 (63.6)
	>0.99

	Trisomy 12/CLL Only
   Yes
   No
	
7
15
	
4.8 (1.2, 18.8)
16.3 (7.1, 37.1)
	0.20
	
3 (42.9)
12 (80.0)
	0.14

	High Risk Rai Stage/CLL 
   No (0,I,II)
   Yes (III,IV)
	
10
12
	
13.7 (5.3, 35.4)
9.3 (3.1, 27.5)
	0.41
	
8 (80.0)
7 (58.3)
	0.38

	Treatment Description

	Watch and wait period
   < median (1.3 yrs.)
   ≥ median
	
16
16
	
19.6 (9.0, 42.5)
8.9 (4.6, 17.0)
	0.22
	
13 (81.3)
11 (68.8)
	0.69

	Prior Rituximab / CLL only
   Yes
   No
	

12
10
	

8.1 (2.5, 26.1)
16.1 (7.6, 33.9)
	0.16
	

6 (50.0)
9 (90.0)
	0.07

	Time from last Rituximab dose to first vaccine
   < median (3 yrs.)
   ≥ median
	

6
6
	

5.3 (0.6, 45.8)
12.4 (2.4, 62.8)
	0.30
	

2 (33.3)
4 (66.7)
	0.57

	BTK inhibitor duration at first vaccine
   < median (33 mo.)
   ≥ median
	

16
16
	

25.5 (14.0, 46.5)
6.8 (3.2, 14.2)
	0.02
	

15 (93.8)
9 (56.3)
	0.04


1 Tests of significance exclude subjects with unknown values or evaluations not done
Abbreviations:  WRS=Wilcoxon Rank Sum Test; FE=Fisher’s Exact Test; 






































Supplementary Figure 1
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Identification of unique CD4+ T cell clusters associated with adjuvanted recombinant varicella zoster glycoprotein E (rVZgE) vaccination 
(A) Heat map of FlowSOM clustering analysis of the CD4+ subset of healthy donor SEB-stimulated cells; color scale indicates range-scaled (0 to 1) median expression intensity for each marker/dimension (column); red text indicates clusters (rows) significantly associated with rVZgE vaccination. 
(B) Volcano plot of significance versus fold change, comparing pre and post rVZgE vaccination cluster frequencies (VZgE peptide stimulated (‘VzV’)); differentially abundant clusters9 significantly associated with rVZgE vaccination are colored red (dashed red gridlines indicate a fold-change > 2 and a p-value < 0.05); number label refers to assigned FlowSOM cluster; circle size refers to total number (sum) of assigned cells from all samples (n = 64, total cells = 8.75 x 106); cluster 11 was not significantly different from irrelevant peptide after vaccination and was excluded from further analysis. 
(C)  Summary of cytokine profile and phenotype of CD4+ clusters used to define a T cell response to vaccination with data similar to that previously published.10







Supplementary Figure 2
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Humoral immune response correlations
(A) Relationship between humoral and cellular immune responses:  Plot showing vaccine response status and fold change in humoral and cell mediated immune responses at 4 weeks post-vaccination.   
(B) Relationship between humoral immune responses and duration of BTK inhibitor therapy: Plot depicting the association between length of time on BTK inhibitor and fold change in humoral response at 4 weeks post-vaccination. The least-squares regression line illustrates the linear relationship.   
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