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Abstract

This phase Ib clinical trial evaluated whether pretargeting of CD20+ clonogenic myeloma 

precursor cells (CMPCs) with anti-CD3 × anti-CD20 bispecific antibody-armed T cells (BATs) 

before autologous stem cell transplantation (SCT) in patients with standard-risk and high-risk 

multiple myeloma would induce antimyeloma immunity that could be detected and boosted after 

SCT. All 12 patients enrolled in this study received 2 BATs infusions before SCT, and 4 patients 

received a booster infusion of BATs after SCT. Pretargeting CD138−/CD20+ CMPCs with BATs 

before SCT was safe and reduced levels of CMPCs by up to 58% in the postinfusion bone marrow 

in patients who remained in remission. Four of 5 patients who remained in remission had a >5-fold 

increase in IFN-γ enzyme-linked immunospot responses. SOX2 antibody increased after BATs 

infusions and persisted after SCT. The median anti-SOX2 level at 3 months after SCT was 28.1 

ng/mL (range, 4.6 to 256 ng/mL) in patients who relapsed and 46 ng/mL (range, 28.3 to 73.3 

ng/mL) in patients who remained in remission. The immune correlates suggest that infusions of 

targeted T cells given before SCT were able to reduce CMPC levels and induced cellular and 

humoral antimyeloma immunity that could be transferred and boosted after SCT.
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INTRODUCTION

Although high-dose chemotherapy (HDC) followed by autologous stem cell transplantation 

(SCT) can induce complete responses in patients with multiple myeloma (MM), there are no 

curative therapies [1-10]. The induction of anti-MM immune responses may improve 

disease-free survival and prevent relapse after SCT. Early reports identified CD138−/CD34− 

cells with the expression of CD19+, CD20+, and CD27+ as clonogenic myeloma precursor 

cells (CMPCs) [11-13] with self-renewal, drug resistance, and proliferative properties that 

can lead to progression. Although lenalidomide kills myeloma drug-resistant populations 

[14], it is ineffective against other CMPC subpopulations [12], and rituximab is clinically 

ineffective [11] in inhibiting CMPCs.

Therefore, nontoxic strategies to target drug-resistant tumor-initiating CMPCs could prevent 

disease progression in high-risk MM patients.

Because CD20 is one of the molecules expressed on these cells, we used anti-CD3 × anti-

CD20 bispecific antibody-armed T cells (BATs) to target CMPCs. Our approach combines 

the potent non–MHC-restricted cellular cytotoxicity mediated by activated T cells (ATCs) 

with the retargeting function of the anti-CD3 × anti-CD20 bispecific antibody (CD20Bi) 

[15]. Arming with CD20Bi converts ATCs into CD20-specific cytotoxic T lymphocytes 

(CTLs). Our preclinical studies have shown that BATs exhibit high levels of specific 

cytotoxicity against CD20+ B9C (immortalized normal B cell line), Raji (Burkitt’s 

lymphoma cell line), and ARH-77 (a rituximab-resistant cell line) [15]. Furthermore, such 

targeting is effective even when directed at tumor cell lines that express low or no surface 

antigen [16-18].

In a small pilot study using a vaccinate and boost strategy, 8 patients with metastatic breast 

cancer received anti-CD3 × anti-HER2 BATs (HER2 BATs). After the BATs infusions,the 

patients underwent leukapheresis to activate and expand “immune Tcells” that were 

reinfused after SCT [19]. The data show that ATCs expanded after “vaccination” would kill 

breast cancer cells, and that patients who received immune ATCs developed specific 

cytotoxicity and anti–breast cancer antibody responses.

Based on the data in the proof-of-principle study in breast cancer patients, the hypothesis 

emerged that if BATs could target CD20+ CMPCs, they could induce MM-specific immune 

responses before SCT, and that such responses could be transferred in the stem cell product 

without the need for booster immunizations. We further hypothesized that if the transfer 

were successful, then the transferred immunity could be boosted by a subsequent infusion of 

BATs.

In this study, patients received only 2 infusions of 1010 BATs spaced 1 week apart before 

SCT. The rationale for choosing 2 doses of 1010 BATs was based on the results of earlier 
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phase I clinical trials [20-22] that consistently showed induction of immune responses after 

2 weeks even after 1 infusion per week.

METHODS

Trial Design

The study protocol and consent forms were approved by the Wayne State University 

Institutional Review Board and the US Food and Drug Administration (FDA). The study 

protocol (WSU 2008-106) was conducted in accordance with guidelines set forth in the 

Declaration of Helsinki. BATs were produced under an FDA Investigational New Drug 

application sponsored by L.G.L., and the study was monitored by the Karmanos Cancer 

Institute’s Data Safety Monitoring Committee. Figure 1A shows the protocol schema, which 

involved 2 infusions of 1010 BATs given 1 week apart. Twelve patients were enrolled in the 

proof-of-concept protocol, and 4 of these 12 patients were reconsented for an amended 

protocol after approval by the FDA and the Wayne State University Institutional Review 

Board to receive a booster infusion of 1010 BATs.

Clinical follow-up as of November 30, 2015, is reported herein. Tumor evaluation was based 

on serologic testing results; bone marrow samples were not required, in accordance with our 

institutional tumor evaluation criteria. This trial was registered with ClinicalTrials.gov 

(Identifier: ).

Patient Eligibility

Standard SCT inclusion criteria were applied for enrollment into the protocol. Patients with 

MM age ≥18 years who were candidates for SCT with no morphological evidence of 

myelodysplasia in pretreatment bone marrow specimens were eligible. (Details of patient 

eligibility are provided in the Supplementary Data.)

Preparative Regimen

All 12 patients received a preparative regimen consisting of melphalan 200 mg/m2 and 

supportive care [7,23].

Stem Cell Mobilization

The patients received 16 mg/kg of granulocyte colony-stimulating factor (G-CSF) for 4 days 

to mobilize stem cells, followed by 1 or 2 days of leukapheresis to obtain a minimum dose 

of 2 × 106 CD34+ cells for SCT.

Production of Heteroconjugated CD20Bi, Leukapheresis, and T Cell Expansion

Rituximabwas heteroconjugated to anti-CD3 (OKT3) to produce CD20Bi as described 

previously [16]. A separate leukapheresis was performed to obtain peripheral blood 

mononuclear cells (PBMCs) for ATC expansion before G-CSF mobilization of peripheral 

blood stem cells as described previously [16]. (Details are provided in Supplementary Data.)
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BATs Infusion and Monitoring

Patients received 2 infusions of 1010 BATs. Cryopreserved BATs were thawed and infused in 

2 infusions given 1 week apart. Infusions were given over 5 to 15 minutes, with monitoring 

of vital signs as described previously [24].

BATs Infusion–Related Toxicities

Side effects were recorded on the patient charts based on the National Cancer Institute’s 

Common Terminology Criteria for Adverse Events version 3.0 toxicity table. No patient was 

removed from the study. (See Supplementary Data for criteria for study removal.)

Immune Monitoring Studies

Methods for phenotyping of bone marrow mononuclear cells and PBMCs, IFN-γ enzyme-

linked immunospot (ELISPOT) responses, serum cytokines, and quantitation of anti-tetanus 

toxoid (anti-TT) and anti-SOX2 IgG are described in the Supplementary Data. An anti-

SOX2 antibody level >20 ng/mL(>1.5-fold increase) was defined as positive, and a level <20 

ng/mL (<1.5-fold increase) was defined as negative.

Statistical Analyses

Repeated-measures ANOVA and Dunnett’s multiple-comparison test were used to compare 

differences in IFN-γ responses directed at RPMI-8226, Daudi, and K562 cells before BATs 

infusion (pre-BATs), the highest observed value within 3 weeks after BATs infusion (post-

BATs), and the highest observed value within 0.5 to 3 months and 6 to 12 months post-SCT 

using Prism version 7.00 for Windows (GraphPad Software, San Diego, CA). The Wilcoxon 

signed-rank test was used to compare the proportions of CMPCs in pre-BATs and post-BATs 

bone marrow samples and anti-SOX2 antibody levels in pre-BATs and 3 weeks post-BATs or 

pre-BATs and post-SCT serum samples.

RESULTS

Clinical Characteristics, and Stem Cell and BATs Doses

Table 1 presents data on patient age, sex, M protein Ig class, previous courses of 

chemotherapy, disease status at SCT, BATs dose, peripheral blood stem cell dose, disease 

status at SCT, day of engraftment, time to progression (TTP), and survival after SCT.

BATs Infusions

All 12 patients received 2 BATs infusions. Characteristics of ATCs are presented in Table S1 

in the Supplementary Data. Regimen-related and cell-based toxicities are listed in Table 2. 

Patients were premedicated, prehydrated, and treated for side effects on an outpatient basis. 

Cell infusions were well tolerated, with no dose-limiting toxicities (see Supplementary Data 

for details).

Engraftment of Lymphocytes, Neutrophils, and Platelets

All 12 patients engrafted, with a median time to engraftment (defined as an absolute 

neutrophil count [ANC] ≥500/mm3) of 17 days (95% CI, 15.0 to 19.2 days) and a median 
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time to a platelet count of ≥20 × 103/mm3 of 18 days (95% CI, 16.5 to 23.8 days). Eleven 

patients had a median time to lymphocyte engraftment of ≥500/mm3 of 14 days (95% CI, 11 

to 19 days) (Figure 1B). All patients engrafted without any complications or dose-limiting 

toxicities.

Bone Marrow CMPC Population and Progression after SCT

We examined the effect of targeting the CD20+/CD138−/CD34− CMPC population by OKT3 

× CD20 BATs at 2 weeks post-BATs. Figure 1C shows the percentage of positive CMPCs 

and percent change in the proportion of CMPCs in bone marrow. A reduced proportion of 

CMPCs was observed in 8 of 12 patients post-BATs compared with pre-BATs; however, 

there was no statistically significant difference in the percentage of positive CMPCs in pre-

BATs and post-BATs bone marrow (Figure 1C, Upper). Bone marrow samples from patients 

who remained in remission showed a reduction in percent of the CMPC populations post-

BATs (median, 2.26; range, 0.04 to 3.7) compared with pre-BATs (median, 3.2; range, 0.1 to 

5.4). In contrast, there was either an increase or no change in percent of CMPCs in post-

BATs bone marrow samples (median, 1.6; range, 0 to 12.4) compared with pre-BATs bone 

marrow samples (median, 2.2; range, 0 to 9.4) in patients who relapsed (Figure 1C, Upper 

and Lower).

Immune Responses after BATs Infusions

ELISPOT analyses showed the highest numbers of IFN-γ–producing T cells at 1 to 3 weeks 

post-BATs. Increased ELISPOT IFN-γ values were seen after stimulation with MM-specific 

RPMI 8226 cells at post-BATs time points compared with pre-BATs samples (Figure 2A, 

Lower). Figure S2 shows the IFN-γ ELISPOT results in PBMCs of the 12 patients against 

RPMI 8226, Daudi, and K562 at pre-BATs, post-BATs, and post-SCT time points.

Immune Responses after SCT

IFN-γ ELISPOT responses to RPMI 8226 cells were consistently higher at post-SCT time 

points compared with baseline (P < .02). Likewise, T cells in PBMCs stimulated with K562 

(P < .01) showed significantly higher IFN-γ ELISPOT responses compared with pre-BATs 

values (Figure 2A, Lower). To determine whether these responses were due to “noise” from 

immune reconstitution, we compared these patients with a control group of patients who 

received autologous SCT alone (ie, did not receive BATs). Figure 2B shows the IFN-γ 
ELISPOT responses in patients who received BATs + SCT compared with those who 

received SCT only (control group). IFN-γ ELISPOT responses to Daudi (P < .02) and K562 

(P < .02) targets were significantly higher than baseline at 6 to 12 months post-SCT in 

patients who received BATs + SCT compared with those who received SCT only. The 

percentage of patients with a ≥2-fold increase for IFN-γ ELISPOT responses to RPMI 8226, 

Daudi, and K562 was 8%, 17%, and 17%, respectively, at 3 months post-after SCT and 64%, 

36%, and 55%, respectively, at 6 months post-SCT. Table S2 in Supplementary Data shows 

the pattern of immune responses to RPMI 8226, Daudi, and K562 as a function of time after 

SCT. ELISPOT was scored as positive if the ELISPOT/106 PBMCs plated were ≥30 spots; a 

positive increase was defined as a ≥2-fold (+), 3- to 5-fold (++), or >5-fold (+++) increase in 

spots over the pre-BATs baseline value.
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IFN-γ ELISPOT Responses and Progression after SCT

Four of 5 patients who remained in remission as of November 30, 2015, had a median 8.1-

fold increase in IFN-γ ELISPOT values against RPMI 8226 from pre-SCT to post-SCT (6 to 

12 months), compared with 2.6-fold in patients who relapsed (Figure 2B, Left and Table S2).

IFN-γ ELISPOT Responses to RPMI 8226 Boosted by BATs Infusion

In 4 patients, booster infusions at 15.2, 10.5, 6.5, and 5.6 months post-SCT increased IFN-γ 
ELISPOT responses to RPMI 8226 (fold increases of 3.3, 3.5, 6.0, and 12.9, respectively) 

above the pre-boost baseline (Figure 2C). Compared with RPMI 8226, fold increases in 

response to Daudi were lower (0.3, 1.3, 1.3, and 1.7, respectively), whereas fold increases in 

response to K562 were 3.3, 4.4, 14.4, and 37.9, respectively. These data show stronger 

innate (K562) and anti-MM (RPMI 8226) immune responses than the response against 

Daudi (Figure 2C).

Anti-SOX2 IgG Antibody Levels Post-SCT

Anti-SOX2 levels were screened in all 12 patients at pre-BATs, post-BATs, and 1 month and 

3 months post-SCT. The control group included 12 SCT recipients who did not receive 

BATs infusions. Serum was evaluated pre-SCT (n = 12) and at ~1 month (n = 12) and 3 

months (n = 6) post-SCT. Anti-SOX2 levels were significantly higher in 9 of 12 patients 

post-BATs and remained high at 1 month post-SCT (P < .02) (Figure 3A, Left). Serum 

samples from control SCT recipients who did not receive BATs infusions showed no 

statistically significant difference in anti-SOX2 levels between pre-SCT and 1 month post-

SCT or between pre-SCT and 3 months post-SCT (Figure 3A, Right). Interestingly, anti-

SOX2 levels were significantly higher (P < .016) in patients who received BATs before SCT 

at 1 month post-SCT compared with control patients who did not receive BATs (Figure 3A, 

Right).

Anti-SOX2 and Progression after SCT

To determine whether there was an association between the level of anti-SOX2 and clinical 

outcome, anti-SOX2 levels were plotted in patients who did and did not progress. Despite 

small numbers in each group, the boxplots appear to separate (Figure 3B). The median anti-

SOX2 level was 10.8 ng/mL (range, 0.4 to 106 ng/mL) pre-BATs, compared with 28.1 

ng/mL (range, 4.6 to 256 ng/mL) at 3 months post-SCT after a median follow-up of 62.6 

months for the patients who progressed. In comparison, the patients who remained in 

remission had a median anti-SOX2 level of 12.9 ng/mL (range, 3.6 to 39 ng/mL) at pre-

BATs and 46.06 ng/mL (range, 28.3 to 73.3 ng/mL) at 3 months post-SCT. These data 

suggest a trend toward higher SOX2 levels possibly providing a longer TTP (P < .06, 

Wilcoxon matched-pairs signed-rank test). When the total number of SOX2-positive (>20 

ng/mL and a > 1.5-fold increase) and negative (<20 ng/mL and a <1.5-fold increase) levels 

in those who remained in remission versus those who relapsed showed that a significantly 

higher number of patients who remained in remission (all 5) had SOX2-positive levels (P < .

02, Fisher’s exact test) compared with those who relapsed (2 of 7).

Lum et al. Page 6

Biol Blood Marrow Transplant. Author manuscript; available in PMC 2019 October 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Quantitative IgG and Anti-TT IgG Serum Levels and Cytokine Levels

Serum IgG levels and anti-TT levels are shown in Figure S3A and B. In 9 of the 12 patients, 

levels of serum IL-2–, IL-2R–, IL-12–, TNF-α–, and IFN-γ–induced chemokines CXCL10 

and CXCL9 were elevated above baseline, but not significantly so (Figure 4). Levels of 

chemokines MIP-1α, MIP-1 β, and MCP-1 showed no change from baseline to post-BATs 

or post-SCT (data not shown).

Clinical Responses

The number of patients in this study did not allow a statistical comparison with historical 

controls for progression-free survival or overall survival. Five patients remained in complete 

remission (CR) at 69.3, 62.7, 62.5, 62.5, and 56.9 months post-SCT as of November 30, 

2015. Two patients, at 62.5 and 56.9 months post-SCT, did not receive Revlimid 

maintenance. Seven patients progressed, at 3.3, 6.4, 14.8, 15.8, 22.3, 26.7, and 42.4 months 

post-SCT. The median overall survival for the entire group was not reached with a median 

follow-up of 62.5 months. The median TTP was between 26.4 and 42.5 months. Three of 9 

patients who were in partial remission at the time of SCT are now in CR, and the 2 patients 

who were CR at the time of SCT are still in CR.

Clinical Correlates between CMPC and SOX2 Levels and Clinical Status

Table 3 summarizes clinical responses and changes in percent of CMPC and anti-SOX2 

antibody levels post-BATs and post-SCT. Interestingly, 4 of 5 patients who remained in 

remission showed a reduction in the proportion of CMPCs, and all 5 had increased anti-

SOX2 antibodies. In contrast, 3 of 7 patients who relapsed showed either no change or an 

increase in percent of CMPCs, and 3 of 7 showed a decrease in anti-SOX2 antibodies.

DISCUSSION

Although SCT can profoundly reduce the tumor burden in most patients with MM, relapse is 

inevitable. We hypothesized that MM patients could benefit from targeted T cell 

immunotherapy that would shift the immune response against MM after SCT. HDC provides 

“immunologic space,” allowing anti-MM memory T and B cells to expand in autografts and 

provide the anti-MM response. Our results show that BATs infusions before SCT can 

pretarget CD20+ CMPCs, leading to a decreased proportion of CMPCs within 2 weeks of 

the last BATs infusion.

Targeted killing of CMPCs releases MM antigens, inducing endogenous immune responses 

that could be detected after SCT. Anti-MM IFN-γ ELISPOT responses developed not only 

at 3 weeks after the BATs infusions, but also at 6 to 12 months post-SCT, and these 

responses could be boosted by a single BATs infusion. Similarly, humoral responses to 

SOX2 were detected after immunotherapy and during the process of immune reconstitution 

after SCT. Given that the significant increase in CTL activity was seen only after 6 months, 

it is likely that the extent of “vaccination” to MM antigens might not have been sufficiently 

strong to induce significant CTL activity before 6 months post-SCT using only 2 BATs 

infusions. Furthermore, the transferred helper and CTL memory cells for MM might not 

have been present in sufficient numbers to respond, particularly during the first 3 months of 
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immune reconstitution, without immediate booster immunization after SCT due to immune 

deficiency and T cell suppression present during the early post-SCT period. Therefore, the 

specific transferred immune responses without the immediate transfer of immune cells 

would appear 6 months or later during immune reconstitution after SCT.

Our findings from the present study shows that pretargeting CD19+/CD20+/CD138−/CD34− 

CMPCs with only 2 infusions of BATs was sufficient to change the proportion of CMPCs 

detected in the follow-up bone marrow specimens. Testing of the entire group revealed no 

statistical differences in CMPCs before and after immunotherapy; however, patients who 

remained in remission showed a trend toward a decreasing proportion of CMPCs after BATs 

infusion. The significant increase in anti-SOX2 level after BATs infusions and the 

development and persistence of anti-SOX2 levels post-SCT is quite remarkable. Anti-SOX2 

and IFN-γ responses are reportedly associated with a reduced risk of progression of 

monoclonal gammaopathy of undetermined significance (MGUS) to MM [25]. SOX2 (an 

embryonal stem cell marker) is expressed on a small population of CD138− progenitors in 

patients with MGUS; these patients frequently mount humoral and cellular immune 

responses to SOX2. A small subpopulation of CD138+ cells also acquire SOX2 expression 

in patients with advanced MM [25]. In a large anti-SOX2 screening study, 92.6% (63 of 68) 

of serum samples from patients with MM who underwent allogeneic SCT were seropositive 

for anti-SOX2, whereas only small proportions of untreated chemotherapy-naïve MM 

patients (4.4%; 3 of 68), conventional chemotherapy-treated MM patients (0%; 0 of 68), and 

patients who underwent SCT (2.9%; 2 of 68) were seropositive for anti-SOX2 [26].

The biological function and clinical significance of anti-SOX2 antibodies in MM remain 

unclear. The high seropositivity after allogeneic SCT suggests that allogeneic SCT breaks 

tolerance toward SOX2 [26]. Higher baseline anti-SOX2 levels before SCT might prove to 

be a biomarker. On the other hand, SOX2 expression in cancer stem cell–like or tumor 

progenitor cells from solid tumors have been reported to play roles in tumor recurrence, 

metastasis, and resistance to chemotherapeutic agents [27-29]. The increase in anti-TT levels 

at 3 months post-SCT suggests that pretargeting of CD20+ cells with infusions of anti-CD3 

× anti-CD20 BATs did not impair the reconstitution of CD20+ or CD19+ B cells in 

phenotyping of blood or the development of serum IgG levels and anti-TT levels by 100 

days post-SCT. The levels of anti-TT are comparable to those seen in transfer of specific 

immunity after allogeneic SCT under nonboosted conditions [30-32].

As mentioned earlier, both CD19+ and CD20+ cells are rare self-replenishing drug-resistant 

populations, and thus CD19 and CD20 cells are not considered conventional 

immunotherapeutic targets. Our study shows that targeting this rare CD20+ population 

decreased the proportion of CD138−CD20+ cells in the bone marrow in patients who 

remained in remission, and induced cellular and humoral anti-MM immunity that could be 

detected after SCT. Similar to our findings, a recent case report described a durable complete 

response in a patient with advanced, refractory MM who had failed 9 previous lines of 

therapy. Infusion of autologous T cells expressing a CD3-zeta/CD137–based anti-CD19 

chimeric antigen receptor after treatment with high-dose melphalan and autologous SCT 

showed no evidence of monoclonal immunoglobulin in serum and urine immunofixation and 

no clinical signs or symptoms of MM.
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Consistent with our results reported here, there were no signs of the cytokine release 

syndrome after the CD19 chimeric antibody receptor T cell (CART) infusion [33]. However, 

there are major differences between the approach using gene-transduced CARTs into anti-

CD3/anti-CD28–activated T cells [34] and our approach of using anti-CD3/IL-2–activated T 

cells armed with bispecific antibodies. CARTs offer rapid expansion of target antigen 

engagement and tumor lysis, leading to the development of a sustained antileukemia effect 

[35]. In contrast, BATs are designed to mediate acute cytotoxicity with short-term 

proliferation and Th1 cytokine/chemokine and tumor antigen release by directed cytotoxicity 

at the tumor site, resulting in the recruitment of endogenous T and B cells to become long-

term tumor-specific memory cells via the in situ vaccination process [36].

In summary, our proof-of-principal study suggests that in patients with MM, pretargeting 

CD138−/CD20+ cells with BATs infusions before SCT is safe, decreases the proportion of 

CD138−CD20+ cells in the bone marrow in patients who remain in remission, and induces 

cellular and humoral anti-MM immunity and anti-SOX2 antibodies that can be detected after 

SCT. The presence of anti-SOX2 antibodies may predict a protective effect of BATs 

infusions. The increases in anti-SOX2 IgG and anti-MM IFN-γ ELISPOT responses 

directed at CD20− RPMI 8226 occurred after 2 BATs infusions, persisted for longer than 3 

months after SCT, and could be boosted in 3 of 4 patients. The robust immune responses to 

CD20− RPMI 8226 cells indicate antigen and possibly epitope spreading in the targeting and 

vaccination process, because the BATs targeted CD20. Furthermore, anti-SOX2 antibody 

levels and IFN-γ ELISPOT responses appear to be lower in the patients who relapsed than 

in those who did not relapse. Higher baseline anti-SOX2 levels may become a useful 

prognostic biomarker. Although the numbers are small, 3 of 9 patients who had residual 

disease (partial response or very good partial response) at the time of SCT had no evidence 

of progression at 62.6 to 65.7 months post-SCT, and 2 of 3 patients who were in CR at the 

time of SCT remained in remission at 56.9 to 69.3 months post-SCT. These results provide a 

strong rationale for a “vaccinate and boost” approach with chemotherapy alone or with HDC 

and SCT to optimize anti-MM immune responses to improve clinical results.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Treatment schema showing leukapheresis to obtain T cells for expansion, followed by 

baseline bone marrow biopsy and phenotyping. After expansion ex vivo and arming of ATCs 

from the patients, 10 × 109 BATs were infused on 2 occasions 1 week apart, followed by a 

second biopsy to evaluate changes in the BM. Immune testing was performed as indicated at 

the various time points after SCT. Four patients received BATs booster infusions. (B) 

(Upper) Daily lymphocyte (Lymph) and ANC counts in 12 patients. (Lower) Daily mean 

platelet counts. (C) (Upper, Left) CMPC population at 2 weeks post-BATs compared with 
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pre-BATs in all 12 patients. (Upper, Right) Waterfall chart of percent change in CMPC 

population at 2 weeks post-BATs compared with pre-BATs in patients who remained in 

remission (uCR) and those who relapsed (REL). (Lower) Absolute percent positive CMPC 

population in patients who remained in remission (uCR) and those who relapsed (REL).
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Figure 2. 
(A) Cytotoxicity and IFN-γ ELISPOTs directed at RPMI 8226, Daudi, and K562 targets 

after BATs infusions (Upper) and after SCT (Lower) in 12 patients. (B) (Left and Middle) 

IFN-γ ELISPOTs in patients who received BATs + SCT compared with patients who 

received SCT only (control group). (Right) The fold increase in IFN-γ ELISPOTs against 

RPMI 8226 at 6 to 12 months post-SCT in patients who remained in remission (uCR) 

compared with patients who relapsed (REL). (C) Data for 4 patients who received a single 

“booster” infusion of BATs at 6 to 15 months post-SCT. Booster infusion of BATs induced 

increases in IFN-γ ELISPOT responses when stimulated with MM-specific targets (RPMI 

8226) and NK targets (K562) in all 4 patients at 2 and 4 weeks after booster BATs infusions.
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Figure 3. 
Transfer and reconstitution of anti-SOX2 IgG. The results for individual patients are 

presented. (A) (Right) Anti-SOX2 IgG antibodies in all 12 patients at pre-BATs, post-BATs, 

and 1 month and 3 months post-SCT. (Left) Control autologous SCT patients who did not 

receive BATs showed no difference in serum anti-SOX2 antibody levels between pre-SCT 

and 1 month post-SCT or pre-SCT and 3 months post-SCT. (B) Shows the boxplots of the 

serum anti-SOX2 titers of those who are in uCR and those who progressed (REL), they are 

nearly nonoverlapping.
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Figure 4. 
Serum cytokine and chemokine profiles. Analysis of sequential serum samples after BATs 

infusions and after SCT show increased IL-2R and IL-12 levels at 1 to 3 months post-SCT. 

IL-2 and TNF-α levels increased post-BATs, but not post-SCT, whereas chemokines CXCL9 

(MIG) and CXCL10 (IP-10) increased at 1 month post-SCT.
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Table 2

Incidence of Toxic Reactions by CTCAE Version 3.0 Grade

Reaction Number (%)
of Patients
Affected

Total Number of Episodes by CTCAE
Version 3.0 Grade

Grade 1 Grade 2 Grade 3 Grade 4

Hypotension 9(75) 1 9

Chills 10 (83) 1 16 3

Fatigue 8 (67) 11

Fever 7 (58) 6 2

Rash 1(8) 1

Pain 4(33) 7 1

Dyspnea 1(8) 1

Edema, limb 1(8) 1

Deep vein thrombosis 1(8) 1

CTCAE indicates Common Terminology Criteria for Adverse Events.
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Table 3

Clinical and Immune Responses in Individual Patients

Patient BATs
Dose,
109

Current
Disease
Status

Bone Marrow
CMPC Status
Post-BATs

Anti-SOX2
Level
Post-SCT

TTP Post-
SCT, mo

Survival
Post-SCT,
mo

1 24 REL 6.4 26.7

2 30 * uCR 69.30

3 20 REL 26.2 66.93

4 20 REL->SD NC 3.3 64.90

5 20
REL-alloBMT

† 15.8 63.67

6 30* REL 42.4 63.97
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Patient BATs
Dose,
109

Current
Disease
Status

Bone Marrow
CMPC Status
Post-BATs

Anti-SOX2
Level
Post-SCT

TTP Post-
SCT, mo

Survival
Post-SCT,
mo

7 20 uCR 62.73

8 20 uCR 62.57

9 20 uCR 62.50

10 20 REL 22.3 57.67

11 30* REL 14.8 56.90

12 30* uCR 56.50

NC indicates no change; alloBMT, allogeneic bone marrow transplantation.

*
Received a 109 BATs booster dose.
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†
Received allogeneic SCT while in partial remission.
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