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Abstract <<250 / 250>> 

Previous studies have shown that response to teclistamab, the first approved B-cell maturation 

antigen (BCMA)–directed bispecific antibody for the treatment of triple-class–exposed 

relapsed/refractory multiple myeloma, was associated with baseline immune fitness, while 

nonresponders had profiles suggestive of immune suppression and T-cell dysfunction. Here, we 

correlated longitudinal peripheral and tumor microenvironment immune profiles and BCMA 

antigen expression with teclistamab clinical response, resistance, and relapse in MajesTEC-1 

(ClinicalTrials.gov Identifiers: NCT03145181/NCT04557098). Bone marrow and peripheral 

blood samples were collected at baseline, on treatment, and at disease progression. 

Teclistamab responders exhibited greater T-cell margination, recovery, and increased T-cell 

activation compared with nonresponders in the periphery. After teclistamab treatment, 

nonresponders generally exhibited trends for elevated and sustained expression of checkpoint 

markers on CD4+ and CD8+ T cells, suggestive of persistent T cell activation, and higher, 

sustained proportions of immunosuppressive regulatory T cells longitudinally, which could 

contribute to resistance. At relapse, higher proportions of peripheral and bone marrow CD4+ 

and CD8+ T cells expressing markers associated with T-cell dysfunction and impairment (eg, 

CD39 and CD57) and higher proportions of regulatory T cells were observed compared with 

baseline. Finally, a reduction in BCMA receptor density was observed on bone marrow tumor 

plasma cells at relapse. Our data highlight the importance of understanding mechanisms of 

response, resistance, and relapse to teclistamab to optimize T-cell and bispecific antibody 

activity, advance dosing and sequencing strategies, and inform further evaluation of teclistamab 

combinations with other anti–myeloma agents and use in earlier lines of treatment to improve 

patient outcomes. 
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Introduction 

Treatment strategies for multiple myeloma (MM) have greatly improved in recent years, with the 

current standard of care including immunomodulatory drugs (IMiDs), proteasome inhibitors, and 

anti-CD38 monoclonal antibodies.1-3 However, many patients become refractory to these initial 

therapies and experience disease relapse.4-6 An unmet need remains for additional effective 

therapies that can be well tolerated in patients who develop relapsed/refractory MM (RRMM). 

 

Teclistamab is the first approved B-cell maturation antigen (BCMA) × CD3 bispecific antibody 

(BsAb) for the treatment of triple-class–exposed RRMM,7,8 with weight-based dosing and more 

than 23,000 patients treated worldwide.9 In the phase 1/2 MajesTEC-1 study (ClinicalTrials.gov 

Identifiers: NCT03145181/NCT04557098), deep and durable responses were attained with 

teclistamab monotherapy in 165 heavily pretreated patients with RRMM.10  

 

Emerging translational research has indicated that immune cell composition contributes to 

immunotherapeutic responses11; therefore, the efficacy of teclistamab, as a T cell redirection 

therapy, may be influenced by immune fitness.12 In a recent report, we demonstrated that 

immune profiles and tumor characteristics at baseline correlated with clinical response in 

patients with RRMM from the MajesTEC-1 study.13 Teclistamab-responsive patients exhibited 

higher baseline total T cell counts and expression of cytotoxic factors (eg, granzyme B and 

perforin) in the periphery and bone marrow, with reduced expression of markers associated with 

T cell dysfunction.13 In addition, improved progression-free survival was associated with a 

favorable baseline T cell signature, such as lower proportions of regulatory T cells and lower 

expression of inhibitory receptors on T cells.  

 

In the current study, we assessed the longitudinal peripheral and tumor microenvironment 

immune profiles, as well as tumor antigen expression, and their association with response, 
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resistance, and relapse in patients treated with teclistamab in MajesTEC-1. This is the first 

publication to present analyses on potential resistance mechanisms of teclistamab from a large, 

comprehensive, pivotal dataset. The findings build on the emerging data in the field and 

advance our understanding of mechanisms of response, resistance, and relapse to teclistamab. 

Such insights may inform strategies for dose optimization, treatment sequencing, and the 

development of more effective multi-agent approaches. This work provides the foundation for 

ongoing studies of multi-target approaches, including combinations of teclistamab with other 

anti-MM agents (ie, daratumumab, talquetamab, or IMiDs).14,15 Thus, the mechanistic insights 

gained here may ultimately help improve the depth and duration of response for patients.  

 

Methods 

Study design and patient population  

Full details of the study design of MajesTEC-1 (NCT03145181/NCT04557098) have been 

previously published,16,17 and are summarized in the Supplemental Appendix. Briefly, 165 

patients with RRMM who had received ≥3 prior lines of therapy, received subcutaneous 

teclistamab 1.5 mg/kg weekly, following step-up doses (0.06 mg/kg and 0.3 mg/kg). Teclistamab 

responders were defined as patients who achieved a best clinical response of partial response 

or better (≥PR) per International Myeloma Working Group (IMWG) criteria,18,19 as assessed by 

an independent review committee; patients who did not achieve this, or had a non-evaluable 

response, were considered nonresponders. These data were analyzed at the clinical cutoff date 

of August 22, 2023. 

 

MajesTEC-1 was conducted in accordance with the principles of the Declaration of Helsinki and 

Good Clinical Practice guidelines of the International Council for Harmonisation. Study protocol 

and amendments were approved by each site’s Institutional Review Board. All patients provided 

informed written consent. 



7 

 

 

Biological correlatives and CyTOF analyses  

Sample collection is summarized in Supplementary Figure 1. Exploratory endpoints included 

assessment of soluble BCMA (sBCMA) using an electrochemiluminescence ligand-binding 

assay using the Meso Scale Discovery (MSD) platform and characterization of T cell numbers 

and subsets, activation markers and co-inhibitory receptor expression in peripheral blood and 

tumor samples, and membrane-bound BCMA expression on tumor plasma cells using flow 

cytometry. The Wilcoxon rank-sum test was performed to identify relevant immune correlatives 

that differed between responders and nonresponders or differed between time points. For each 

patient, fold change from baseline for a particular biomarker was calculated as the value at the 

time point of interest versus the baseline value. Maximum fold change (max FC) was calculated 

by determining the highest FC from available measurements between specified timepoints for 

each patient.  

 

Peripheral blood and bone marrow samples from 25 and 23 patients respectively were collected 

and processed using cytometry by time-of-flight (CyTOF) mass cytometry. Two antibody panels 

(40 markers for blood, 44 for bone marrow, Supplemental Table 1 and 2) were utilized. 

Samples were analyzed on a Helios mass cytometer (Standard BioTools) and data were 

normalized using CyTOF software (Standard BioTools). Briefly, quality control for batch effects 

at the sample and cluster level were performed using hilbertSimilarity20 and Earth Mover’s 

Distance,21 respectively. Marker staining consistency across batches was evaluated using 

marker enrichment modeling.22 Batch effect correction was applied using cyCombine.23 Cell 

clustering and annotation were done using FlowSOM,24 and polyfunctionality analysis of T cell 

subsets was conducted using FreeViz projections,25 with the differences modelled using linear 

mixed model analysis. 
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The Supplemental Appendix provides additional details regarding the methods and statistical 

analyses.  

 

Results 

Greater T cell reduction and recovery is observed in the peripheral blood in responders 

following teclistamab 

Consistent with T cell margination, there was an initial reduction in absolute counts of CD4+ and 

CD8+ T cells in the periphery within 24 hours following the administration of the first step-up 

dose of teclistamab (Figure 1A-F). Patients who responded to teclistamab demonstrated a 

greater and more rapid reduction in CD4+ and CD8+ T cells compared with nonresponders 

(CD4+ step-up dose 1 predose [SUD1_PRE] vs after 24 hours [SUD1_24H]: responders, –85% 

[P <0.001]; nonresponders, –36%; CD8+ SUD1_PRE vs SUD1_24H: responders, –80% [P 

<0.001]; nonresponders, –65%; Figure 1A-B, red outlines). The max FC reduction during the 

margination period was significantly different between responders and nonresponders for CD4+ 

and CD8+ T cells (median max FC SUD1_PRE vs SUD1_24H, responders vs nonresponders: 

CD4+: 0.35 vs 0.92, P<0.05; CD8+: 0.19 vs 0.68, P<0.05; Figure 1C-D). This was followed by 

greater T cell recovery after the first full treatment dose of teclistamab on Cycle (C) 1 Day (D) 1 

in responders compared with nonresponders, with increased absolute counts of CD4+ and 

CD8+ T cells persisting through C3D1, indicating proliferation of T cells in the periphery (CD4+ 

SUD1_24H vs C3D1: responders, +604% [P <0.001]; nonresponders, –59%; CD8+ SUD1_24H 

vs C3D1: responders, +322% [P <0.001]; nonresponders, –14%; Figure 1A-B, blue outlines). 

The max FC increase during recovery was significantly different between responders and 

nonresponders for CD8+ T cells (median max FC SUD1_24H to C3D1, responders vs 

nonresponders: CD8+: 0.90 vs 0.57; P<0.05; Figure 1E-F). Of note, both median CD4+ and 

CD8+ T cell counts in teclistamab responders recovered to near baseline levels by C3D1, 

whereas numbers remained low in nonresponders (median × 106/L, SUD1_PRE vs C3D1; 
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CD4+: responders, 175 vs 190; nonresponders, 168 vs 44; CD8+: responders, 180 vs 150; 

nonresponders, 214 vs 64).  

 

Greater and earlier T cell activation in the peripheral blood observed in responders in early 

cycles 

Given the initial changes in T cell numbers, we next evaluated the longitudinal profiles of T cell 

activation, namely the induction of CD38 on CD4+ and CD8+ T cells, in early cycles between 

responders and nonresponders after teclistamab treatment. The peak T cell activation period for 

responders was observed early during C1, as indicated by a transient increase in expression of 

CD38 on CD8+ T cells at C1D1 (Figure 2A). In contrast, nonresponders displayed a delayed T 

cell activation profile, with peak T cell activation occurring at C2D1 (Figure 2A). Additionally, 

patients who responded to teclistamab exhibited significantly higher max FC induction of CD38 

expression on CD8+ T cells in the first cycle than nonresponding patients (max FC responders: 

9 vs max FC nonresponders: 6; P <0.05; Figure 2B), which may be indicative of greater T cell 

activation of cytotoxic T cells in responding patients. A comparable T cell activation profile was 

seen in induction of CD38 expression on CD4+ T cells (Supplemental Figure 2A-B). In 

contrast to CD38 induction, other activation markers, CD25 and HLA-DR, did not show 

significant differential activation profiles between responders and nonresponders 

(Supplemental Figure 2C-J).  

Continued elevated expression of coinhibitory checkpoint markers and increased proportion of 

regulatory T cells observed in the peripheral blood in nonresponders  

Since persistent activation of T cells and upregulation of coinhibitory receptors and checkpoints 

may be associated with an impaired T cell phenotype and resistance,26 we examined the 

longitudinal expression patterns of LAG-3, TIM-3, PD-1, PD-1/LAG-3, and PD-1/TIM-3 on CD4+ 

and CD8+ T cells in the periphery after the peak T cell activation period (ie, >C2D1). For CD8+ 

T cells, responders generally exhibited a trend in decreased or lower proportions of coinhibitory 
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checkpoint markers from C2D1 to C3D1 compared to nonresponders, including LAG-3 

(responders vs nonresponders: –1% vs +66%), TIM-3 (–54% vs +21%), PD-1/TIM-3 (–24% vs 

+29%), and PD-1/LAG-3–expressing T cells (+9% vs +148%), with an exception only seen with 

PD-1 (+21% vs +13%; Figure 3A-E). Similar trends were observed for CD4+ T cells 

(Supplemental Figure 3A-E). At C3D1, there were significantly higher (P<0.05) proportions of 

coinhibitory checkpoint markers for nonresponders than responders, including LAG-3, PD-1, 

PD-1/TIM-3, and PD-1/LAG-3 on both CD8+ and CD4+ T cells and TIM-3 on CD4+ T cells. 

(Figure 3A-E and Supplemental Figure 3A-E). Together, this may be suggestive of persistent 

T cell activation in nonresponders. 

 

To further elucidate the contribution of other T cell subsets to a potentially dysfunctional 

phenotype in nonresponders to teclistamab, we analyzed the proportion of immunosuppressive 

regulatory T cells and CD38-expressing Tregs longitudinally. Significantly higher proportions of 

Tregs, including those expressing CD38, were present in the periphery in nonresponders 

compared with responders at baseline (P<0.05), and this was sustained over time, with 

significantly higher CD38+ Tregs at C3D1 in nonresponders than responders (P<0.05; Figure 

4A-B). These findings further support a more immunosuppressive and impaired peripheral 

immune profile in nonresponding patients. 

 

Immune changes in the bone marrow are comparable to peripheral immune profiles post 

teclistamab treatment 

In addition to immune profiling in the periphery, we assessed changes in key immune subsets in 

the bone marrow to identify signatures associated with resistance stemming from the bone 

marrow microenvironment (Figure 5A-G). Compared with baseline, T cell infiltration was 

observed in responders at C3D1, as indicated by a modest increase in proportions of CD3+ T 

cells (baseline vs C3D1: +3% [P <0.001]), while nonresponders displayed lower levels of CD3+ 
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T cells (-6%; Figure 5A). Furthermore, consistent with the peripheral immune profiles, 

nonresponders exhibited a trend in increased proportions of coinhibitory receptors on CD4+ and 

CD8+ T cells at C3D1 compared with baseline, including higher PD-1 (baseline vs C3D1: CD4+, 

+69% [P <0.05]; CD8+, +13%), TIM-3 (baseline vs C3D1: CD4+, +7%; CD8+, +232% [P<0.01]), 

and PD-1/TIM-3 expression (CD4+, +308% [P <0.01]; CD8+, +677% [P <0.001]). Responders 

also exhibited increased proportions of coinhibitory receptors, but the magnitude of the increase 

was generally smaller than for nonresponders: PD-1 (CD4+, +51% [P <0.01]; CD8+, +12%), 

TIM-3 (baseline vs C3D1: CD4+, +88% [P<0.001]; CD8+, +184% [P<0.001]), and PD-1/TIM-3 

(CD4+, +111% [P <0.001]; CD8+, +250% [P <0.001]). In agreement with the peripheral immune 

profiles, these findings potentially indicate persistent T cell activation in the bone marrow of 

nonresponding patients (Figure 5B-G).       

 

A progression to impaired T cell phenotype observed in patients at relapse in the periphery and 

the bone marrow 

Along with identifying resistance mechanisms in nonresponders, we sought to assess immune 

changes in responders who eventually relapsed to teclistamab. We first performed supervised 

CyTOF analysis on whole blood and bone marrow samples collected at baseline and at relapse 

using a manual gating strategy. In the periphery, we observed trends for lower frequencies of 

naïve T cells and higher frequencies of differentiated effector memory CD4+ and CD8+ subsets 

at relapse versus baseline (Supplemental Figure 4A-B). Furthermore, we observed 

significantly higher proportions of dysfunctional T cells at relapse, as indicated by increased 

proportions of CD4+ and CD8+ T cell expressing coinhibitory checkpoint markers, including PD-

1, LAG-3, TIGIT, increased proportions of markers associated with T cell impairment and 

senescence, including CD39+, CD57+, and granzyme B, and reduced proportions of the 

costimulatory molecule CD28+ on CD8+ T cells, suggesting that a dysfunctional T cell 

phenotype in the periphery may contribute to relapse (Supplemental Figure 4A-B). In a 
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supervised CyTOF analysis of bone marrow samples, we observed upregulation of PD-1 and 

TIGIT on CD25hiCD127dim Tregs (Supplemental Figure 4C-D). Upregulation of these markers 

is thought to increase the immunosuppressive potential of Tregs, which may contribute to a 

dysfunctional T cell phenotype in the tumor microenvironment at relapse.27  

 

 

We next performed polyfunctionality analyses of the CyTOF data. We used the FreeViz 

algorithm to identify differential marker expression and to further characterize the T cell 

phenotypes in the peripheral blood and the bone marrow at baseline and at relapse (Figures 6 

and 7 and Supplemental Table 1 and 2). In the periphery, CD8+ T cell subsets were 

significantly enriched for the expression of PD-1, CD57, CD38, CD39, and CD45RO with 

markedly reduced expression of human leukocyte antigen-DR (HLA-DR), and CD45RA at 

relapse compared with baseline, which is indicative of an impaired phenotype (Figure 6A). In 

addition, we observed a significant enrichment for CD4+ T cells expressing PD-1, CD38, 

granzyme B, and killer cell lectin-like receptor G1 (KLRG1) and a depletion of CD4+ T cells 

expressing CD28, CD127, and CD27 (Figure 6B). In the bone marrow, polyfunctionality 

assessment revealed an enrichment for CD4+ and CD8+ T cell subsets expressing TOX, 

KLRG1, and PD-1 at relapse compared with baseline, suggesting a shift towards a state of 

immune dysfunction and senescence in the T cell compartment within the tumor 

microenvironment that may contribute to the mechanism of relapse in patients who received 

teclistamab (Figure 7A-B).  

 

Flow cytometry analyses align and further support CyTOF findings, with an observed trend in 

the increase of CD38, PD-1, TIM-3, and PD-1/TIM-3 expression on CD4+ and CD8+ T cells in 

the periphery and bone marrow at the time of disease progression compared with baseline, 

similarly suggesting that a dysfunctional T cell phenotype contributes to relapse after 
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teclistamab treatment (Supplemental Figures 5A-J and 6A-K). In comparison, nonresponders 

exhibit an even more dysfunctional T cell phenotype compared to patients who responded and 

then relapsed, including greater reduction of absolute counts of CD8+ and CD4+ T cells and 

increased CD38, PD-1, TIM-3, and PD-1/TIM-3 expression on CD4+ and CD8+ T cells in the 

periphery (Supplemental Figure 7A-K).    

 

Reduction in plasma cell BCMA receptor density observed at relapse versus baseline 

In addition to immune signatures that may contribute to relapse after teclistamab treatment, we 

also assessed the impact of other factors, such as sBCMA levels, proportions of BCMA+ 

plasma cells, and BCMA receptor density in patients who relapsed relative to baseline and who 

also had evaluable samples for this analysis (Supplemental Figure 8A-H). Overall, compared 

with baseline, no significant change in the proportion of BCMA+ plasma cells was observed 

(Supplemental Figure 8B and D). However, a significant reduction in sBCMA and BCMA 

receptor density was noted at the time of relapse relative to baseline (Supplemental Figure 8A 

and C). Within-patient reductions in BCMA receptor density from baseline to relapse were 

observed for patients that responded and then progressed (Supplemental Figure 8E). 

Although data is limited, there does not appear to be a correlation between the length of 

response (<6 months or ≥6 months) and the reduction in sBCMA or receptor density 

(Supplemental Figure 8F, G, and H). Given the small sample sizes, additional analyses are 

needed; however, this reduction in BCMA receptor density may represent a selection of residual 

cells with lower BCMA levels, while tumor cells with higher BCMA expression have been 

eliminated.  

 

Discussion 

Building on existing literature,11,12 we previously showed that baseline immune fitness and T cell 

function were important in achieving a clinical response and a longer progression-free survival 
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with teclistamab, while baseline T cell dysfunction and immune suppression were associated 

with nonresponse.13 The current analysis of longitudinal correlatives expands on previous 

findings by showing the importance of improved T cell activity over time in achieving and 

maintaining a response to teclistamab while identifying potential mechanisms of resistance and 

relapse after teclistamab treatment. This work provides the foundation for ongoing studies of 

multi-target approaches, including combinations of teclistamab with other anti-MM agents (ie, 

daratumumab, talquetamab, or IMiDs).14,15,28 

 

Differential immune profiles were observed longitudinally, with greater and more rapid T cell 

margination and recovery and earlier T cell activation in responders compared with 

nonresponders in the periphery. While the contribution of T cell margination to T cell engager 

response remains to be fully elucidated, increased T cell margination likely results from T cell 

activation and cytokine release, which cause the T cells to adhere to the endothelium and 

migrate to the tumor site. T cell margination has been shown to be associated with superior 

treatment responses,29,30 thus these findings support T cell margination as a potential predictive 

marker of clinical outcomes.  

 

We also observed greater recovery of both CD4+ and CD8+ T cells in the periphery by the first 

full treatment dose of teclistamab in responders, which was not evident in nonresponders, 

indicative of the potent proliferative capacity in responders possibly resulting from the 

decreased tumor burden after treatment, which may lead to an expansion of T cells that have 

robust cytotoxic activity and are able to respond to a strong immune stimulus.13 In addition, 

increased proportions of CD3+ T cells were also observed in the bone marrow in responders at 

C3D1 compared with baseline, which may be suggestive of T cell infiltration. Expansion of 

phenotypically cytotoxic T cells in particular has been hypothesized to be relevant to the 

antitumor response.12,31 Ongoing clinical trials are investigating teclistamab in combination with 
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immunomodulatory anti-myeloma agents, such as daratumumab and IMiDs, which may 

potentiate its effect by enhancing T-cell activity.31 Responders exhibited greater max FC 

induction of CD38 on CD4+ and CD8+ T cells in the first 2 cycles compared with 

nonresponders, indicative of greater T cell activation.32,33 Furthermore, peak T cell activation as 

assessed by CD38 occurred earlier in responders by the first full treatment dose on C1D1 of 

teclistamab, while nonresponders displayed a delayed T cell profile, with peak induction 

occurring by C2D1. These observations further suggest stronger initial T cell stimulation with 

optimal timing that may contribute to a more effective immune response in early cycles, thus 

contributing to an early response in responding patients.  

 

In contrast to CD38 induction on CD8+ and CD4+ T cells, other activation markers, CD25 and 

HLA-DR, did not show significant differential activation profiles between responders and 

nonresponders, consistent with what has been demonstrated preclinically.26 Considering HLA-

DR and CD25 are markers in later activation states,34,35 these results may potentially continue to 

support a more specific, perhaps early, T cell activation state following teclistamab treatment, 

particularly in responders. In addition, this pattern may differ from typical overactivation (high 

CD38+HLA-DR+), which is often associated with T cell dysfunction in various disease states.36 

The notable increase in CD38 in responders following teclistamab administration may also be 

particularly relevant in teclistamab-daratumumab combination therapy where the daratumumab 

targets and suppresses CD38+ T cells.15 

 

Persistent stimulation of T cells leads to an impaired T cell phenotype, a state of T cell 

dysfunction often indicated by the upregulation of coinhibitory expression and markers of T cell 

impairment, immunosuppression, and senescence.37 In our current analyses, we observed that 

nonresponders exhibited persistent T cell activation and sustained, higher levels of coinhibitory 
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checkpoint marker expression (PD-1, TIM-3, and LAG-3) in the blood and bone marrow 

compared with responders. The expression of inhibitory receptors, such as PD-1 and LAG-3, 

characterize continued T cell activation potentially leading to impaired T cell function. PD-1 

signaling has been shown to reduce T cell receptor–induced proliferation, while LAG-3 signaling 

diminishes cytokine production and target cell killing, resulting in lower antitumor activity. 

Consequently, impaired T cells may hinder the efficacy of therapy, as shown here and in other 

studies.12,26,39 Furthermore, in the current study, elevated proportions of peripheral 

immunosuppressive Tregs, and higher CD38-expression, were also observed in nonresponders. 

Previous findings support a high proportion of absolute Tregs dampening the proliferative 

capacity of T cells, impairing the ability of T cells to exert antitumor activity, and diminishing 

treatment outcomes.40 Prior research also supports the heightened presence of CD38-

expressing Tregs in patients with multiple myeloma and leukemia versus healthy donors,41,42 

with higher counts associated with impaired response to treatment.26 A greater proportion of T 

cells expressing co-inhibitory markers may be expected in view of disease activity and 

increased disease burden, however, a lack of longitudinal tumor burden data limited the 

confirmation of definite correlation. It is important to note that, as assessed in our prior analysis, 

several of these coinhibitory biomarkers of interest were associated with clinical response 

groups independent of disease burden, such as expression of PD-1 and TIM-3, supporting their 

mechanistic role in the ability to respond to teclistamab treatment.13 This evidence suggests that 

longitudinally, sustained expression of coinhibitory receptors on T cells may be an independent 

correlative in nonresponders. Collectively, the elevation of coinhibitory checkpoint marker 

expression and Tregs likely led to the hindrance of effective immune response and suppression 

of T cell function, characterizing a mechanism of resistance to teclistamab treatment present in 

nonresponders.   
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Although patients in MajesTEC-1 achieved a high overall response rate, some patients 

eventually experienced disease progression that prompted us to further evaluate mechanisms 

of relapse. Supervised analyses in the blood and bone marrow using CyTOF demonstrated 

findings such as increased proportions of effector memory, higher expression of inhibitory 

receptors (PD-1, LAG-3, and TIM-3), CD38, and granzyme B, as well as lower expression of 

CD28 on T cells in patients who relapsed. Previous evidence supports a lack of CD28 

expression as a definitive marker of severe T cell impairment, with terminally differentiated and 

senescent features associated with dysfunction (ie, reduced interferon-γ production by CD4+ 

and CD8+ cells) and reduced degranulation capacity.43 Supervised CyTOF analysis in the bone 

marrow also showed an upregulation of PD-1 and TIGIT on CD25hiCD127dim Tregs. TIGIT 

expression has been shown to be significantly higher in T cells of early relapse patients with 

RRMM, suggesting that T cell impairment driven by high TIGIT expression may underlie therapy 

relapse. Furthermore, TIGIT+ effector cells have been shown to display limited cytokine 

responses to antigen-specific stimulation and thus poor MM killing capability.  

 

Unsupervised polyfunctionality analysis of CyTOF data in the blood and bone marrow further 

supported these findings. The bone marrow showed a shift towards immune dysfunction and 

senescence at relapse, with increased expression of TOX, KLRG1, and PD-1 on CD4+ and 

CD8+ T cells. In the periphery, CD8+ T cell subsets demonstrated an increased expression of 

PD-1, CD57, CD38, CD39, and CD45RO, and decreased HLA-DR and CD45RA expression, 

while CD4+ T cells exhibited higher levels of PD-1, CD38, granzyme B, and KLRG1, alongside 

reduced expression of CD28, CD127, and CD27, all of which further indicate an impaired 

phenotype at relapse compared with baseline. Flow cytometry data further corroborated these 

CyTOF findings, with an observed trend in the increase of CD38, PD-1, and PD-1/TIM-3 

expression on CD4+ and CD8+ T cells in the periphery and bone marrow at the time of disease 

progression. Data suggest that relapsed patients exhibit a similar, but less pronounced, 
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dysfunctional T cell phenotype versus nonresponders, suggesting that patients who initially 

responded to teclistamab may exhibit a more favorable phenotype at relapse compared to 

patients who exhibited primary resistance, informing subsequent treatment strategies. In totality, 

our findings indicate the development of a dysfunctional immune phenotype with enhanced 

immunosuppressive activity, which may have contributed as a mechanism of relapse after 

teclistamab treatment.  

 

Previous preclinical studies of various subsets of patients have shown that increased 

expression of dysfunction markers (PD-1, TIGIT, and TIM-3) and Tregs are associated with 

impaired MM cell killing and reduced antitumor efficacy in response to BsAb therapies, such as 

teclistamab and talquetamab.26,39 Additionally, the presence of dysfunctional T cell clones 

predicts response failure to BCMA-targeting bispecific T cell engagers in patients with MM.12 In 

light of all available evidence from this robust MajesTEC-1 dataset, our current findings further 

support the notion that persistent peripheral and bone marrow T cell activation and an 

immunosuppressive bone marrow microenvironment likely contributes to T cell dysfunction and 

teclistamab resistance and relapse in patients with MM. These results support combining BsAbs 

with immunomodulatory agents to achieve synergistic anti-myeloma effects, an approach 

currently under investigation in ongoing clinical trials.31 For example, the observed increase in 

CD38+ Tregs longitudinally and at relapse support the inclusion of daratumumab given its 

capacity to deplete these immunosuppressive cells.  

 

Previously, we demonstrated that baseline tumor BCMA expression did not correlate with 

clinical response, while baseline sBCMA levels did correlate with disease burden and clinical 

response, with responders showing significantly lower baseline sBCMA levels than 

nonresponders.13,46 Additionally, in a recent analysis of the impact of the T cell landscape on 

response to BsAbs in RRMM, antigen loss of BCMA or major histocompatibility complex class I 
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surface expression on malignant plasma cells was observed in some clinical nonresponders 

(those with stable disease, minimal response, or progressive disease) at relapse.12 In our 

current analysis, no significant change in the proportions of BCMA+ plasma cells were seen; 

however, sBCMA was significantly reduced at the time of disease progression suggesting that 

increasing sBCMA levels may not be a contributor to relapse. The reduction in sBCMA 

observed at relapse is likely due to reduced tumor burden from initial response to therapy. We 

also observed a significant reduction in BCMA receptor density in the bone marrow at the time 

of relapse and within-patient reductions from baseline to relapse were observed for patients that 

responded and then progressed. This reduction in BCMA receptor density may represent a 

selection of residual cells with lower BCMA levels, while tumor cells with higher BCMA 

expression have been eliminated, however further mechanisms of antigen loss cannot be 

excluded. Emerging data from a limited number of patients has shown that antigen loss or 

abrogation of anti-BCMA T cell engager binding may be driven by mutational events in BCMA in 

≥40% of patients.47 Further evaluations of samples assessing molecular alterations in this larger 

cohort of patients are ongoing and likely to provide additional insight on the nature of antigen 

escape in these relapsed patients treated with teclistamab.12,47 Future studies will also evaluate 

whether dual antigen targeting, such as with combinations of teclistamab with talquetamab or 

daratumumab, can help overcome the antigen loss mechanisms observed with single-antigen 

approaches.14,15,28  

 

While these results provide crucial insight into the association between immune profiles and 

response, resistance and relapse to teclistamab, several limitations are to be noted. Firstly, the 

sample size of nonresponders, at times, was relatively small compared with responders. These 

reduced numbers may have been due, in part, to non-responders coming off (ie, discontinuing) 

study treatment early following confirmed disease progression (per IMWG criteria), as outlined 

per-protocol. Furthermore, the low number of nonresponding patients inherently supports the 
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efficacy of teclistamab as a treatment option in this patient population. Secondly, although our 

CyTOF and flow results regarding peripheral T cell responses were highly correlated, functional 

testing of peripheral T cells was not performed as part of this study; therefore, future testing may 

be required to confirm our findings regarding effective T cell responses in responding patients. 

Thirdly, longitudinal tumor burden data was not measured as part of this study, preventing 

definitive assessment of the correlation between tumor burden and T cell changes, such as 

coinhibitory receptor expression longitudinally and at relapse. 

 

In conclusion, our findings derived from the pivotal MajesTEC-1 study dataset, emphasize the 

importance of understanding the mechanisms of response, resistance, and relapse to 

teclistamab in order to optimize T cell and bispecific antibody activity. Teclistamab responders 

showed greater T-cell activation followed by recovery, whereas nonresponders trended towards 

sustained expression of checkpoint markers and regulatory T cells over time, suggesting 

persistent T cell activation, which may indicate T-cell dysfunction. Furthermore, at relapse, 

dysfunctional T cells and regulatory T cells were frequent, along with reduced BCMA receptor 

density on bone marrow tumor cells. Our findings build upon those of smaller subgroup studies, 

collectively contributing to the body of knowledge, and informing further evaluation of dosing 

strategies and combination therapy with other anti-MM agents, such as daratumumab, 

talquetamab, checkpoint inhibitors, or IMiDs, ultimately aiming to enhance patient outcomes. 

The data presented here will provide a foundation for analyses of dual antigen targeting that are 

currently under investigation. Gaining a better understanding of patients’ immune profiles over 

time will be crucial in understanding potential mechanisms of resistance and relapse and for 

informing the optimization of new immunotherapy combinations to ensure utilization in the most 

clinically beneficial manner.  
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Figure Legends 

 

Figure 1. Absolute counts of CD4+ and CD8+ T cells in the periphery of responders 

versus nonresponders. (A) Changes in absolute counts of CD4+ T cells following 

administration of the first step-up dose (SUD1) of teclistamab. (B) Changes in absolute counts 

of CD8+ T cells following administration of SUD1 of teclistamab; 4 data points are not shown to 

improve clarity of the y axis and aid in data visualization (data points were retained in the 

dataset and included in all statistical analyses). Red outlines indicate T cell margination 

occurring within 24 hours after administration of SUD1; blue outlines indicate T cell recovery 

after the first full treatment. (C) Maximum fold change (max FC) from SUD1_PRE to SUD1_24H 

for CD4+ T cells. (D) max FC from SUD1_PRE to SUD1_24H for CD8+ T cells. (E) Max FC 

from SUD1_24H to C3D1_PRE for CD4+ T cells. (F) max FC from SUD1_24H to C3D1_PRE 

for CD8+ T cells. Max FC was calculated per patient. Data are presented as box plots showing 

median and interquartile ranges. Statistical significance was assessed using the Wilcoxon rank-

sum test, *P<0.05, ***P<0.001. C, Cycle; D, Day; PRE, predose. 

 

Figure 2. Longitudinal expression and maximum fold change of CD38+ on CD8+ T cells. 

(A) Longitudinal expression of CD38+ CD8+ T cells in the peripheral blood following 

administration of first step-up dose (SUD1) of teclistamab. (B) Maximum fold change (max FC) 

induction of CD38 expression on CD8+ T cells from baseline to C2D1; 2 data points are not 

shown to improve clarity of the y axis and aid in data visualization (data points were retained in 

the dataset and included in all statistical analyses). Max FC was calculated per patient. Data are 

presented as box plots showing median and interquartile ranges. Statistical significance was 

assessed using the Wilcoxon rank-sum test, *P<0.05. C, Cycle; D, Day; PRE, predose. 
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Figure 3. Longitudinal expression of coinhibitory checkpoint markers on CD8+ T cells in 

the peripheral blood of responders versus nonresponders. (A) Lymphocyte activation gene-

3 (LAG-3) on CD8+ T cells; 6 data points are not shown to improve clarity of the y axis and aid 

in data visualization (data points were retained in the dataset and included in all statistical 

analyses). (B) T cell immunoglobulin mucin-3 (TIM-3) on CD8+ T cells; 20 data points are not 

shown to improve clarity of the y axis and aid in data visualization (data points were retained in 

the dataset and included in all statistical analyses). (C) Programmed death-1 (PD-1) on CD8+ T 

cells. (D) PD-1/TIM-3 on CD8+ T cells; 10 data points are not shown to improve clarity of the y 

axis and aid in data visualization (data points were retained in the dataset and included in all 

statistical analyses). (E) PD-1/LAG-3 on CD8+ T cells; 4 data points are not shown to improve 

clarity of the y axis and aid in data visualization (data points were retained in the dataset and 

included in all statistical analyses). Data are presented as box plots showing median and 

interquartile ranges. Statistical significance at SUD1_PRE and C3D1_PRE was assessed using 

the Wilcoxon rank-sum test, *P<0.05, **P<0.01 ***P<0.001. C, Cycle; D, Day; PRE, predose; 

SUD1, step-up dose 1. 

 

Figure 4. Proportions of regulatory T cells and CD38+ regulatory T cells in the peripheral 

blood of responders versus nonresponders. (A) The longitudinal proportion of 

immunosuppressive regulatory T cells (Tregs) following administration of first step-up dose 

(SUD1) of teclistamab. (B) The longitudinal proportion of CD38-expressing Tregs following 

administration of SUD1 of teclistamab; 6 data points are not shown to improve clarity of the y 

axis and aid in data visualization (data points were retained in the dataset and included in all 

statistical analyses). Data are presented as box plots showing median and interquartile ranges. 

Statistical significance at SUD1_PRE and C3D1_PRE was assessed using the Wilcoxon rank-

sum test, *P<0.05. C, Cycle; D, Day; PRE, predose.   

 



28 

 

Figure 5. Longitudinal expression of coinhibitory receptors on CD4+ and CD8+ T cells, 

and CD3+ T cells in the bone marrow of responders versus nonresponders. (A) 

Longitudinal proportion of CD3+ T cells; 7 data points are not shown to improve clarity of the y 

axis and aid in data visualization (data points were retained in the dataset and included in all 

statistical analyses). (B) Longitudinal expression of programmed death-1 (PD-1) on CD4+ T 

cells and (C) on CD8+ T cells following administration of first step-up dose (SUD1) of 

teclistamab. (D) Longitudinal expression of T cell immunoglobulin mucin-3 (TIM-3) on CD4+ T 

cells. (E) Longitudinal expression of TIM-3 on CD8+ T cells. (F) Longitudinal expression of PD-

1/TIM-3 on CD4+ T cells; 3 data points are not shown to improve clarity of the y axis and aid in 

data visualization (data points were retained in the dataset and included in all statistical 

analyses). (G) Longitudinal expression of PD-1/TIM-3 on CD8+ T cells. Data are presented as 

box plots showing median and interquartile ranges. Statistical significance was assessed using 

the Wilcoxon rank-sum test, *P<0.05, **P<0.01,***P<0.001.  C, Cycle; D, Day; PRE, predose.  

 

Figure 6. Changes in the CD8+ and CD4+ T cell composition at relapse in the peripheral 

blood identified using polyfunctional analysis by CyTOF. Peripheral blood (PB) samples 

from 25 patients treated with teclistamab were collected at baseline and at progressive disease 

(PD) for T cell profiling by CyTOF (cytometry by time of flight). FreeViz visualizations and 

polyfunctionality analysis were used to explore shifts in the composition of CD8+ and CD4+ T 

cell metaclusters, identified by FlowSOM, at PD, relative to baseline. Cell distributions were 

visualized using contour plots for baseline (blue lines) and PD (red lines) samples. For clarity, 

markers enclosed in boxes represent those that overlap within the FreeViz visualization. The 

placement of these boxed markers is intended solely to display hidden/overlapping labels and 

does not carry any biological interpretation. Fan plots were used to visualize the expression of 

all markers in depleted, enriched and unchanged (ie, reference) populations. (A) FreeViz 

projection of PB CD8+ T cells. (B) FreeViz projection of PB CD4+ T cells. Bins (cell subsets) 
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enriched at PD (red circles) were representative of CD8+ T cells (A) or CD4+ T cells (B) 

expressing markers of senescence and exhaustion, as confirmed by the fan plot visualization of 

all markers used for the analysis.  

BCMA, B-cell maturation antigen; CCR4, chemokine receptor type 4; Eomes, eomesodermin; 

GPRC5D, G protein-coupled receptor class C group 5 member D; HLA-DR, human leukocyte 

antigen – DR isotype; KLRG1, killer cell lectin-like receptor G1; LAG-3, lymphocyte activation 

gene-3 (CD233); NK, natural killer; PD-1, programmed death-1 (CD279); T-bet, T-box 

expressed in T-cells; TIGIT, T cell immunoreceptor with immunoglobulin and immunoreceptor 

tyrosine-based inhibitory motif domain; TIM-3, T cell immunoglobulin mucin-3 (CD366); TOX, 

thymocyte selection-associated high mobility group box.  

Figure 7. Changes in the CD8+ and CD4+ T cell composition at relapse in the bone 

marrow identified using polyfunctional analysis by CyTOF. Bone marrow (BM) samples 

from 23 patients treated with teclistamab were collected at baseline and at progressive disease 

(PD) for T cell profiling by CyTOF (cytometry by time of flight). FreeViz visualizations and 

polyfunctionality analysis were used to explore shifts in the composition of CD8+ and CD4+ T 

cell metaclusters, identified by FlowSOM, at PD, relative to baseline. Cell distributions were 

visualized using contour plots for baseline (blue lines) and PD (red lines) samples. For clarity, 

markers enclosed in boxes represent those that overlap within the FreeViz visualization. The 

placement of these boxed markers is intended solely to display hidden/overlapping labels and 

does not carry any biological interpretation. Fan plots were used to visualize the expression of 

all markers in depleted, enriched and unchanged (ie, reference) populations. (A) FreeViz 

projection of BM CD8+ T cells. (B) FreeViz projection of BM CD4+ T cells. Bins (cell subsets) 

enriched at PD (red circles) were representative of CD8+ T cells (A) or CD4+ T cells (B) 

expressing markers of senescence, exhaustion, and terminal differentiation, as confirmed by the 

fan plot visualization of all markers used for the analysis.  
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BCMA, B-cell maturation antigen; CCR4, chemokine receptor type 4; Eomes, eomesodermin; 

GPRC5D, G protein-coupled receptor class C group 5 member D; HLA-DR, human leukocyte 

antigen – DR isotype; KLRG1, killer cell lectin-like receptor G1; LAG-3, lymphocyte activation 

gene-3 (CD233); NK, natural killer; PD-1, programmed death-1 (CD279); T-bet, T-box 

expressed in T-cells; TIGIT, T cell immunoreceptor with immunoglobulin and immunoreceptor 

tyrosine-based inhibitory motif domain; TIM-3, T cell immunoglobulin mucin-3 (CD366); TOX, 

thymocyte selection-associated high mobility group box.  
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SUPPLEMENTAL APPENDIX  

 

Methods 

Study design and patient population  

MajesTEC-1 is an ongoing, phase 1/2, open-label, multicenter clinical trial assessing the 

efficacy of teclistamab for the treatment of patients with relapsed/refractory multiple myeloma 

(RRMM) who have received ≥3 prior lines of therapy, including ≥1 proteasome inhibitor, 1 

immunomodulatory drug (IMiD), and 1 anti-CD38 monoclonal antibody.1,2 Key eligibility criteria 

included age ≥18 years, documented multiple myeloma (MM) diagnosis per International 

Myeloma Working Group (IMWG) criteria,3,4 measurable disease at screening, and an Eastern 

Cooperative Oncology Group performance status score of 0 or 1.  

 

The pivotal recommended phase 2 dose cohort comprised 165 patients who received 

subcutaneous teclistamab 1.5 mg/kg weekly, following step-up doses (0.06 mg/kg and 0.3 

mg/kg). Treatment with teclistamab continued once weekly until disease progression, 

unacceptable toxicity, withdrawal of consent, or death, whichever occurred first. Patients were 

allowed to switch to less frequent dosing (once every 2 weeks) if they achieved at least a partial 

response (≥PR) for a minimum of 4 cycles during phase 1, or a complete response or better for 

≥6 months in phase 2. For the purpose of this analysis, teclistamab responders were defined as 

patients who achieved a best clinical response of ≥PR per IMWG criteria,3,4 as assessed by an 

independent review committee; patients who did not achieve this were considered 

nonresponders. Patients who responded and then progressed had a best response of ≥PR and 

were classified as having progressive disease per independent review committee assessment. 

Confirmed disease progression (per IMWG criteria) was a per-protocol reason for 

discontinuation of study treatment.  
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Analyses of bone marrow and peripheral blood samples using flow cytometry   

Peripheral blood was collected prior to step-up dose 1 (baseline) and at various longitudinal 

timepoints and bone marrow samples analyzed by flow cytometry were collected at baseline 

and at Cycle (C) 3 Day (D) 1, and progressive disease (PD).  

 

Baseline and PD proportions and density of membrane-bound B-cell maturation antigen 

(BCMA) was performed using CD138+ enriched plasma cells from bone marrow by staining with 

the following antibodies: CD45 (clone: 2D1, BD Biosciences), fixable viability dye eFluor506 

(eBiosciences), CD38 (clone: Humab-003, Johnson & Johnson), CD138 (DL-101, Biolegend), 

and CD269 BCMA (clone: 19F2, Biolegend). Receptor density assessment was performed 

using AF647 Quantum beads (Bang Laboratories).   

 

Immunophenotyping was performed in a BD FACSCelesta (BD Biosciences), and data were 

analyzed in FlowJo (V10.6.2). Measurement of immune markers in T cells from peripheral blood 

and bone marrow mononuclear cells (isolated using Ficoll Paque PREMIUM density gradient 

centrifugation) was performed using the following antibodies: CD38 (Humab-003, Johnson & 

Johnson), PD-1 (EH12.1, BD Biosciences), TIM-3 (7D3, BD Biosciences), LAG-3 (3DS223H, 

ThermoFisher), CD3 (UCHT1, BD Biosciences), CD4 (RPA-T4, BD Biosciences), CD8 (SK1, 

BD Biosciences), CD127 (eBioRDR5, ThermoFisher), CD45RA (HI100, BD Biosciences), 

CD45RO (UCHL1, BD Biosciences), and eFluor506 Fixable Viability Dye (ThermoFisher) to 

assess viability. To prevent nonspecific binding of antibodies, a Fc-blocking reagent (FC Block, 

ThermoFisher) was added. Sample acquisition was performed in a BD LSR Fortessa X-20 

(Becton Dickinson) cytometer. Quantitation of cell populations was performed using an off-the-

shelf TBNK kit assay (BD Biosciences) and T cell activation assay (BD Biosciences of 
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ThermoFisher) according to the manufacturer’s instructions. Immunosuppressive regulatory T 

cells were defined as CD3+CD4+CD25hiCD127dim 

 

Analyses of bone marrow and peripheral blood samples using cytometry by time of flight 

(CyTOF) 

Peripheral blood samples were collected and fixed in Smart Tubes® (Smart Tube, Inc.) 

according to manufacturer’s instructions. CyTOF profiling was evaluated from active dose 

cohorts. Peripheral blood samples from 25 patients were collected at baseline and at relapse 

(38 samples in total [23 samples from screening and 15 samples from relapse]). Additionally, 

bone marrow samples collected at baseline from 23 patients who relapsed were profiled using 

CyTOF (34 samples in total [20 samples from screening and 14 samples from relapse]). For 

bone marrow samples, CD138-depleted, fraction-viable, cryopreserved bone marrow samples 

were used. 

Two panels of 40 and 44 antibodies were used for analysis of the peripheral blood and bone 

marrow samples, respectively (Supplemental Tables 1 and 2). Antibodies pre-conjugated to 

metal isotopes were purchased from Standard BioTools. Additional antibodies were purchased 

from other vendors and conjugated to metal isotopes using the Maxpar® Antibody Labeling Kit 

(Standard Bio Tools) according to the manufacturer’s protocol. 

 

The frozen Smart Tube whole blood samples were thawed in a water bath at 10°C for 20 

minutes, then 3 mL of 1 × Thaw-Lyse buffer (Smart Tube) was added, mixed, and strained 

through a 70-µM strainer (MACS SmartStrainer, Miltenyi Biotec Inc.). The strainer was washed 

with 40 mL of 1 × Thaw-Lyse buffer and incubated at room temperature for 10 minutes for lysing 

red blood cells. The samples were centrifuged (600 g, 5 minutes, 20°C), and pellets were 

resuspended in 1 × BD lysing buffer (BD Biosciences) and incubated for 10 minutes at room 
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temperature for additional red blood lysis. After centrifugation, the pellets were resuspended in 

100 µL of stain buffer, and the samples were purified using CD235 microbeads for negative 

selection, a method in accordance with the manufacturer’s protocol, and incubated for 30 

minutes at room temperature. After purification, the samples were centrifuged (600 g, 5 minutes, 

20°C) and washed with stain buffer. Then, the samples were incubated with TruStain FcX 

(BioLegend) for 30 minutes at room temperature to block surface Fc receptors. After washing off 

the TruStain FcX blocker, the cells were stained with a mixture of surface antibodies and 

incubated at room temperature for 30 minutes. Cells were washed with staining buffer, 

resuspended in BD transcription factor fix and perm buffer (BD Pharmingen), and incubated at 

4°C for 45 minutes. After incubation, cells were washed twice with 1 × BD Perm/Wash buffer 

(BD Pharmingen), resuspended in the intracellular staining antibody mixture, and incubated at 

4°C for 45 minutes. After washing with 1 × BD Perm/Wash buffer, the cell pellets were 

resuspended in phosphate-buffered saline with saponin (0.3%) containing formaldehyde (1.6%) 

and 125 nM Ir intercalator (Cell-ID™ Intercalator-Ir–125 µM, Standard Bio Tools) and incubated 

at 4°C overnight. 

 

Bone marrow (frozen viable) samples, depleted of CD138+ cells, were thawed and immediately 

transferred to 5 mL of media and centrifuged. After centrifugation and 15-minute TruStain FcX 

incubation, washing and surface-staining incubation for 35 minutes was performed. Samples 

were then barcoded using the Standard Bio Tools Cell-ID 20-Plex Pd barcoding kit. This step 

was included to minimize cell loss and reduce technical variability during intracellular staining. 

After barcoding, samples were pooled, and intracellular staining using a transcription factor 

buffer set (BD Biosciences) was performed according to the manufacturer’s instructions. After 

washing, cell pellets were resuspended in phosphate-buffered saline with saponin (0.3%) 
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containing formaldehyde (1.6%) and 50 nM Ir intercalator (Cell-ID™) and incubated at 4°C 

overnight. 

 

After overnight incubation, stained cells were washed with a staining buffer and subsequently 

washed in a Maxpar Cell Acquisition Solution (Standard Bio Tools) to remove buffer salts. Cells 

were then resuspended in a Maxpar Cell Acquisition Solution with a 1:10 dilution of EQ Four 

Element Calibration beads (Standard Bio Tools) and filtered through a 35-µm nylon mesh filter 

cap (Falcon). Samples were analyzed on a Helios CyTOF mass cytometer (Standard BioTools). 

Each experimental batch included peripheral blood mononuclear cells (PBMC) samples from 2 

healthy donors as quality controls used to monitor possible technical (batch-to-batch) variability 

associated with sample processing, staining, and acquisition on different days. In total, 

peripheral blood samples were analyzed in 11 batches, while bone marrow samples were 

processed in 3 batches. 

 

CyTOF data acquisition and normalization 

Data acquired on CyTOF were obtained in flow cytometry standard (fcs) file format and 

normalized using CyTOF software 7.0.8493 for Stand-Alone Processing Workstations (Standard 

BioTools). Of note, data for pooled bone marrow samples were computationally de-barcoded 

using CyTOF software to generate individual sample-specific files for analysis. Manual gating of 

immune populations was performed in Cytobank software v10.2 (Beckman Coulter). Samples 

with >10,000 live CD45+CD66b– singlet events were included in the unsupervised analysis. A 

hypothesis-generating approach was then applied to detect data trends using in-house scripts in 

R 4.0.2, as further detailed in following sections. 

 



7 

 

CyTOF quality control and batch effect correction 

Quality control for peripheral blood and bone marrow was performed using the HilbertSimilarity 

distance (distance measure between samples, based on discretized marker expression),5 Earth 

Mover’s distance (distance measure between samples, based on self-organizing maps [SOM] 

using FlowSOM clustering),6 and marker enrichment modeling algorithms (assessing marker 

intensity distributions).7 These metrics assessed potential batch effects at the sample, cluster, 

and marker levels, respectively, as well as the overall quality of the samples and marker 

staining. CyTOF data were generated and processed in different batches, introducing technical 

variation as measured using the above quality metrics. This variation was corrected using 

cyCombine v0.2.16 (Github biosurg/cyCombine@b0904f1)8 with the following parameters: grid 

size of 8 × 8, normalization method scale, seed 2023 for peripheral blood data, and seed 2024 

for bone marrow data, as described.8 Briefly, all cells in the dataset were clustered in a 8x8 

SOM grid to obtain clusters of phenotypically similar cells. Then batch correction was applied to 

each cluster of cells separately based on the empirical bayes model of ComBAT. Effectiveness 

of the correction was confirmed using HilbertSimilarity distance and Earth Mover’s Distance, 

and parameters were optimized based on these metrics. Control-sample clustering was also 

used to confirm appropriate correction where needed. 

 

Cell clustering and annotation 

FlowSOM 2.1.49 was applied to the corrected, normalized data with a grid size of 18 × 18, 

generating multiple clusters subsequently grouped into 30 metaclusters. Marker expression, 

corresponding to median metal intensity, in each metacluster was manually reviewed to identify 

known immune-cell subsets, and subpopulations were further refined and annotated. 
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Polyfunctionality analysis 

CD4 and CD8 T cell subsets identified via FlowSOM metacluster annotation were visualized 

using FreeViz.10 Functional and phenotypic markers (see Supplemental Table 1 and 2 for 

details on each marker) were positioned as anchors in the FreeViz space to maximize the 

separation between treatment timepoints (baseline and disease progression) as described,10 

and density plots displayed composition shifts. Fan charts11 showed marker centiles per 

condition using stacked area plots with peak intensity at the 50th centile; details have been 

previously described.12,13  

The FreeViz space was divided into 12 × 12 (144) bins using a SOM on a downsampled dataset 

(downsampling strategy: divide the 2D FreeViz space into cubes using the hilbertSimilarity 

methods5 [16 cuts in each dimension], and down/up-sample 100 cells from each non-empty 

cube), and these bins were then applied to the full dataset to obtain per-sample cell counts. 

Counts were centered log-ratio (clr) transformed, and a linear mixed model (clr ~ condition + 

batchID + [1|individual]) was fitted. Contrasts were calculated using estimated marginal means, 

and the p-values were corrected across the SOM bins using Benjamini-Hochberg method. Bins 

were colored to reflect differential abundance (enrichment or depletion) in the FreeViz space. 

 

Baseline serum soluble BCMA quantitation  

Serum was collected prior to the first teclistamab dose (baseline) and at PD. Serum samples 

were analyzed for soluble BCMA using an electrochemiluminescence ligand-binding assay 

using the Meso Scale Discovery (MSD) platform. Briefly, the assay used a biotin-labeled, 

antihuman BCMA antibody and a Sulfo-tag (ruthenium)–labeled antihuman BCMA antibody 

mixed with serial dilutions of serum samples, and then added to a streptavidin MSD plate. 

Electricity was applied to the plate electrodes by an MSD instrument leading to light emission by 

Sulfo-tag labels. Light intensity was then measured to quantify analytes in the sample. The 
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lowest quantifiable detection value of the assay was defined as 1.0 ng/mL. 

 

Statistical analysis  

All statistical analyses were performed in R (v4.2.2), and plots were generated using ggplot2 

(v3.5.1). To aid data visualization, some data points may not have been shown on plots (see 

figure legends); however, all data points were retained in the dataset and included in overall 

statistical analyses.  

Unpaired, 2-sided Wilcoxon rank-sum tests were performed using the wilcox.test function.   
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Supplemental Tables 

Supplemental Table 1. Antibody panel for CyTOF analysis of peripheral blood samples. 

Specificity  Clone  Metal isotope  Purpose  Type  

CD45  HI30  89Y  Leukocytes  Phenotypic  

CD39  Clone A 1  112Cd  B cells, T cells  Phenotypic  

CD66b  80H3  113Cd  Granulocytes  Phenotypic  

Active caspase 3  C92-605  141Pr  Apoptotic cells  Reference  

NKp80  5D12 142Nd  NK-associated activating receptor Functional 

CD3  UCHT1  143Nd  T lymphocytes  Phenotypic  

CD11b  ICRF44  144Nd  Monocytes, NK cells  Phenotypic  

CD4  RPA-T4  145Nd  T-helper lymphocytes  Phenotypic  

CD8  RPA-T8  146Nd  Cytotoxic T lymphocytes  Phenotypic  

TIGIT MBSA43 147Sm  NK and T cells Functional 

CD127  eBioRDR5  148Nd  Activated and regulatory T cells  Phenotypic  

CD45RO  UCHL1  149Sm  Memory T lymphocytes  Phenotypic  

CD160  688327 150Nd  NK and T cells Functional  

CD33  WM53  151Eu  Myeloid cells  Phenotypic  

NKp44  P44-8 152Sm  NK-associated activating receptor Functional  

CD366 (TIM-3)  344823  153Eu  Effector T cells, T cell dysfunction  Functional  

CD45RA  HI100  154Sm  Naive T lymphocytes  Phenotypic  

CD27  L128  155Gd  Memory B lymphocytes, T lymphocytes  Phenotypic  

TOX REA473 156Gd  T cells, drives T cell exhaustion Functional  

CD137  4B4-1  158Gd  Activated NK cells  Functional  
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CD123  9F5  159Tb  Plasmacytoid dendritic cells, basophils  Phenotypic  

CD69  FN50  160Gd  T cell early activation  Functional  

CD28  CD28.2  161Dy  T cell costimulation  Phenotypic  

CD11c  Bu15  162Dy  Monocytes, myeloid dendritic cells  Phenotypic  

Granzyme B  GB11  163Dy  Activated T cells, NK cells  Phenotypic  

NKG2D  1D11 164Dy  NK and T cells Functional 

KLRG1  SA231A2 165Ho  NK and T cells Functional  

GPRC5D  571961  166Er  Plasma cells  Functional  

CD19  HIB19  167Er  B lymphocytes  Phenotypic  

CD269 (BCMA)  Vicky  168Er  Plasma cells  Functional  

CD25  M-A251  169Tm  Activated and regulatory T lymphocytes  Phenotypic  

CD279 (PD-1)  EH12-1  170Er  T cell coinhibitory receptor/dysfunction  Functional  

CD14  HCD14  171Yb  Monocytes, macrophages  Phenotypic  

CD38  HuMax  172Yb  Activation, plasma cells  Functional  

CD223 (LAG-3)  17B4  173Yb  T cell coinhibitory receptor  Functional  

HLA-DR  646-6  174Yb  Dendritic cells, monocytes, B 

lymphocytes, T cell activation  

Phenotypic  

Tbet  4B10 175Lu  T cell associated transcription factor Functional  

CD56  R19-760  176Yb  NK and NKT cells  Phenotypic  

DNA   Intercalator  191Ir, 193Ir  Nucleated cells  DNA  

CD95  DX2  195Pt  Blast cells  Functional  

CD16  3G8  209Bi  Proinflammatory monocytes, NK subset, 

granulocytes  

Phenotypic  
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BCMA, B-cell maturation antigen; CTLA4, cytotoxic T-lymphocyte–associated protein 4; CyTOF, 

cytometry by time of flight; GPRC5D, G protein–coupled receptor family C group 5 member D; HLA-DR, 

human leukocyte antigen DR; Ig, immunoglobulin; LAG-3, lymphocyte activation gene-3; NK, natural 

killer; NKT, natural killer T cell; PD-1, programmed death-1; PD-L1, programmed death ligand-1; TIM-3, T 

cell immunoglobulin mucin-3.  
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Supplemental Table 2. Antibody panel for CyTOF analysis of bone marrow samples. 

Specificity   Clone   Metal 

isotope   

Purpose   Type   

CD45   HI30   89Y   Leukocytes   Reference   

TCRgd   B1   175Lu   γδ T cells   Phenotypic   

FOXP3   PCH101   162Dy   Transcription factor   Phenotypic   

CD28   CD28.2   142Nd   Costim, development, and survival   Functional   

CD3   UCHT1   170Er   T lymphocytes   Phenotypic   

CD4   RPA-T4   176Yb   T-helper lymphocytes   Phenotypic   

CD8   RPA-T8   146Nd   Cytotoxic T lymphocytes   Phenotypic   

Perforin   dG9   152Sm   Cytolytic cytokine   Functional   

CD127   eBioRDR5   166Er   Activated and regulatory T cells   Phenotypic   

CCR7   150503   172Yb   Activated, memory cells   Phenotypic   

CCR4   L291H4   149Sm   Treg effector type   Phenotypic   

Nrp1   12C2   151Eu   Treg stability, checkpoint   Functional   

BCMA  19F2 156Gd   Plasma cells Phenotypic   

CD366 (TIM-3)   344823   161Dy   Effector T cells, T cell dysfunction   Functional   

CD45RA   HI100   153Eu   Naive T lymphocytes   Phenotypic   

CD27   L128   155Gd   Memory B lymphocytes, T lymphocytes   Phenotypic   

CD152 (CTLA4)   L3D10   160Gd   Regulatory T cells, T cell activation   Functional   

CD137   4B4-1   167Er   Activated NK cells   Functional   

CD314 (NKG2D)   1D11   158Gd   NK-associated activating receptor   Functional   

CD69   FN50   144Nd   T cell early activation   Functional   

Granzyme B   GB11   141Pr   Activated T cells, NK cells   Functional   

KLRG1   SA231A2   173Yb   Immune checkpoint receptor Functional   

TIGIT   A15153G   116Cd   Checkpoint marker   Functional   

CD278 (ICOS)   C398.4A   148Nd   Costim molecule, activated T cells   Functional   

CD25   M-A251   169Tm   Activated and regulatory T lymphocytes   Phenotypic   

CD279 (PD-1)   EH12-1   145Nd   T cell coinhibitory receptor/dysfunction   Functional   

CD161   HP-3G10   168Er   Cytokine-producing Tregs, NK 

activation receptor   

Functional   
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CD38   HUMAB003   165Ho   Activation, plasma cells   Functional   

CD223 (LAG-3)   11C3C65 147Sm   T cell coinhibitory receptor   Functional   

HLA-DR   L243   174Yb   Dendritic cells, monocytes, B 

lymphocytes, T cell activation   

Functional   

CD57   NK-1   154Sm   Activation marker in NK cells   Phenotypic   

CD56   R19-760   163Dy   NK and NKT cells   Phenotypic   

DNA    Intercalator   191Ir, 

193 Ir   

Nucleated cells   DNA   

Ki67   Ki-67   164Dy   Proliferating cells   Functional   

EOMES   WD1928 143Nd   Transcription factor  Functional   

CD16   3G8   209Bi   Monocytes, NK subset, granulocytes   Phenotypic   

TCF-1   C63D9   171Yb   Transcription factor  Functional   

GPRC5D   GC5B483 159Tb   Plasma cells   Phenotypic 

TOX  E6G50   150Nd   Transcription factor  Functional 

CD14  M5E2 111Cd Myeloid lineage Phenotypic 

CD19   HIB19      112Cd   B cells Phenotypic 

CD66b 913542   113Cd Granulocytes Phenotypic 

CD138 MI15 114Cd Plasma cells Phenotypic 

CXCR2 5E8-C7-F10 194Pt Chemokine receptor Functional 

CXCR4 12G5 198Pt Chemokine receptor Functional 

BCMA, B-cell maturation antigen; CCR4, C-C motif chemokine receptor 4; CCR7, C-C motif chemokine 

receptor 7; CTLA4, cytotoxic T-lymphocyte–associated protein 4; CXCR2, C-X-C chemokine receptor 

type 2; CXCR4, C-X-C chemokine receptor type 4; CyTOF, cytometry by time of flight; Eomes, 

eomesodermin; FOXP3, forkhead box P3; GPRC5D, G protein–coupled receptor family C group 5 

member D; HLA-DR, human leukocyte antigen DR; ICOS, inducible T-cell costimulator; KLRG1, killer cell 

lectin-like receptor G1; LAG-3, lymphocyte activation gene-3; NK, natural killer; NKG2D, natural killer 

group 2D receptor; NKT, natural killer T cell; Nrp1, neuropilin 1; PD-1, programmed death-1; TCF-1, T cell 

factor 1; TCRgd, T cell receptor gamma delta; TIGIT, T cell immunoglobulin and ITIM domain; TIM-3, T 

cell immunoglobulin mucin-3; TOX, thymocyte selection-associated high mobility group box; Treg, 

immunosuppressive regulatory T cell. 
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Supplemental Figures 

Supplemental Figure 1. Schematic of sample collection. 

 

The pivotal recommended phase 2 dose cohort comprised 165 patients who received 

subcutaneous teclistamab 1.5 mg/kg weekly, following step-up doses (0.06 mg/kg and 0.3 

mg/kg). Treatment with teclistamab continued once weekly until disease progression, 

unacceptable toxicity, withdrawal of consent, or death, whichever occurred first. Patients were 

allowed to switch to less frequent dosing (once every 2 weeks) if they achieved at least a partial 

response (≥PR) for a minimum of 4 cycles during phase 1, or a complete response or better for 

≥6 months in phase 2. Peripheral blood, bone marrow, and serum samples were collected at 

step-up dose 1 predose (SUD1_PRE; baseline) and at various longitudinal timepoints for 

analysis by flow cytometry, CyTOF (cytometry by time of flight), or a soluble B cell maturation 

antigen (sBCMA) electrochemiluminescence ligand-binding assay using the Meso Scale 

Discovery (MSD) platform. C, cycle; D, day; QW, every week.  
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Supplemental Figure 2. Longitudinal expression and maximum fold change of CD38, 

HLA-DR, and CD25 on CD4+ or CD8+ T cells in the peripheral blood of responders versus 

nonresponders.   
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(A) Longitudinal expression of CD38 CD4+ T cells in peripheral blood following administration of 

first step-up dose (SUD1) of teclistamab. (B) Maximum fold change (max FC) induction of CD38 

expression on CD4+ T cells from baseline to C2D1; 2 data points are not shown to improve 

clarity of the y axis and aid in data visualization (data points were retained in the dataset and 

included in all statistical analyses). (C) Longitudinal expression of HLA-DR CD8+ T cells in 

peripheral blood following administration of SUD1 of teclistamab. (D) Max FC induction of HLA-

DR expression on CD8+ T cells from baseline to C2D1. (E) Longitudinal expression of HLA-DR 

CD4+ T cells in peripheral blood following administration of SUD1 of teclistamab. (F) Max FC 

induction of HLA-DR expression on CD4+ T cells from baseline to C2D1. (G) Longitudinal 

expression of CD25 CD8+ T cells in peripheral blood following administration of SUD1 of 

teclistamab. (H) Max FC induction of CD25 expression on CD8+ T cells from baseline to C2D1. 

(I) Longitudinal expression of CD25 CD4+ T cells in peripheral blood following administration of 

SUD1 of teclistamab. (J) Max FC induction of CD25 expression on CD4+ T cells from baseline 

to C2D1. MaxFC was calculated per patient. Data are presented as box plots showing median 

and interquartile ranges. Statistical significance was assessed using the Wilcoxon rank-sum 

test, **P<0.01. C, Cycle; D, Day; PRE, predose. 
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Supplemental Figure 3. Longitudinal expression of coinhibitory markers on CD4+ T cells 

in the peripheral blood of responders versus nonresponders. 

  

(A) Lymphocyte activation gene-3 (LAG-3) on CD4+ T cells; 4 data points are not shown to 

improve clarity of the y axis and aid in data visualization (data points were retained in the 

dataset and included in all statistical analyses).(B) T cell immunoglobulin mucin-3 (TIM-3) on 

CD4+ T cells; 5 data points are not shown to improve clarity of the y axis and aid in data 
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visualization (data points were retained in the dataset and included in all statistical analyses). 

(C) Programmed death-1 (PD-1) on CD4+ T cells. (D) PD-1/TIM-3 on CD4+ T cells; 5 data 

points are not shown to improve clarity of the y axis and aid in data visualization (data points 

were retained in the dataset and included in all statistical analyses). (E) PD1-/LAG-3 on CD4+ T 

cells; 7 data points are not shown to improve clarity of the y axis and aid in data visualization 

(data points were retained in the dataset and included in all statistical analyses). Data are 

presented as box plots showing median and interquartile ranges. Statistical significance at 

SUD1_PRE and C3D1_PRE was assessed using the Wilcoxon rank-sum test, *P<0.05, 

**P<0.01, ***P<0.001. C, Cycle; D, Day; PRE, predose; SUD1, step-up dose 1. 
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Supplemental Figure 4. Changes in expression of checkpoint and inhibitory receptors at 

relapse on peripheral blood T cells, and regulatory T cells in bone marrow by exploratory 

supervised analyses using CyTOF.

 

Peripheral blood (PB, A-B) and bone marrow (BM, C-D) samples from patients treated with 

teclistamab were collected at baseline and at progressive disease (PD) for T cell profiling by 

CyTOF (cytometry by time of flight). Frequencies of memory and phenotypic T cell subsets were 

assessed in peripheral CD4 (A) and CD8 (B) T cells at baseline and at disease progression. 

Median metal marker intensity, representative of relative expression, for programmed death-1 

(PD-1; C) and T cell immunoglobulin and immunoreceptor tyrosine-based inhibitory motif 

domain (TIGIT; D) were evaluated on the bone marrow immunosuppressive regulatory T cells 

(Tregs; CD3+CD4+CD25hiCD127-/lo), at baseline and PD. Data are presented as box plots 

showing median and interquartile ranges. Statistical significance was assessed using the 
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Wilcoxon rank-sum test *P<0.05, **P<0.01. EM, effector memory; GZB, granzyme B; LAG-3, 

lymphocyte activation gene-3.  
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Supplemental Figure 5. Proportion of CD8+ and CD4+ T cell counts at the time of disease 

progression, compared with baseline, in the bone marrow in patients who relapsed. 
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(A) CD8+ T cells. (B) CD38-expressing CD8+ T cells. (C) Programmed death-1 (PD-1) on CD8+ 

T cells. (D) T cell immunoglobulin mucin-3 (TIM-3) on CD8+ T cells. (E) PD-1/TIM-3 on CD8+ T 

cells. (F) CD4+ T cells. (G) CD38-expressing CD4+ T cells. (H) PD-1 on CD4+ T cells. (I) TIM-3 

on CD4+ T cells; 1 data point is not shown to improve clarity of the y axis and aid in data 

visualization (data points were retained in the dataset and included in all statistical analyses). (J) 

PD-1/TIM-3 on CD4+ T cells. Data are presented as box plots showing median and interquartile 

ranges. Statistical significance was assessed using the Wilcoxon rank-sum test, *P<0.05, 

**P<0.01.  C, Cycle; D, Day; LAG-3, lymphocyte activation gene-3; PD, progressive disease. 
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Supplemental Figure 6. Proportion of CD8+ and CD4+ T cell counts and CD38+ regulatory 

T cells at the time of disease progression, compared with baseline, in the peripheral 

blood in patients who relapsed. 
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(A) CD8+ T cells; 2 data points are not shown to improve clarity of the y axis and aid in data 

visualization (data points were retained in the dataset and included in all statistical analyses). 

(B) CD38-expressing CD8+ T cells. (C) Programmed death-1 (PD-1) on CD8+ T cells; 1 data 

point is not shown to improve clarity of the y axis and aid in data visualization (data points were 

retained in the dataset and included in all statistical analyses). (D) T cell immunoglobulin mucin-

3 (TIM-3) on CD8+ T cells. (E) PD-1/TIM-3 of CD8+ T cells; 1 data point is not shown to 

improve clarity of the y axis and aid in data visualization (data points were retained in the 

dataset and included in all statistical analyses). (F) CD4+ T cells; 1 data point is not shown to 

improve clarity of the y axis and aid in data visualization (data points were retained in the 

dataset and included in all statistical analyses). (G) CD38-expressing CD4+ T cells. (H) PD-1 on 

CD4+ T cells. (I) TIM-3 on CD4+ T cells. (J) PD-1/TIM-3 on CD4+ T cells. (K) CD38-expressing 

regulatory T cells (Tregs); 2 data points are not shown to improve clarity of the y axis and aid in 

data visualization (data points were retained in the dataset and included in all statistical 

analyses). Data are presented as box plots showing median and interquartile ranges. Statistical 

significance was assessed using the Wilcoxon rank-sum test, *P<0.05, **P<0.01. C, PD, 

progressive disease; PRE, predose; SUD1, step-up dose 1. 
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Supplemental Figure 7. Proportion of CD8+ and CD4+ T cell counts and CD38+ regulatory 

T cells at baseline and the end of treatment in the peripheral blood of responders who 

relapsed compared to nonresponders. 
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(A) CD8+ T cells. (B) CD38-expressing CD8+ T cells. (C) Programmed death-1 (PD-1) on CD8+ 

T cells. (D) T cell immunoglobulin mucin-3 (TIM-3) on CD8+ T cells. (E) PD-1/TIM-3 of CD8+ T 

cells. (F) CD4+ T cells. (G) CD38-expressing CD4+ T cells. (H) PD-1 on CD4+ T cells. (I) TIM-3 

on CD4+ T cells. (J) PD-1/TIM-3 on CD4+ T cells. (K) CD38-expressing regulatory T cells 

(Tregs). Data are presented as box plots showing median and interquartile ranges. Statistical 

significance was assessed using the Wilcoxon rank-sum test, *P<0.05, **P<0.01, ***P<0.001, 

****P<0.0001. EOT, end of treatment; PRE, predose; SUD1, step-up dose 1. 
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Supplemental Figure 8. Soluble BCMA, proportion of BCMA+ plasma cells, and BCMA 

receptor density in evaluable patients who relapsed, compared with baseline.
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Evaluable patients were those who had available bone marrow samples for analysis. (A) 

Soluble B cell maturation antigen (sBCMA) levels; 4 data points are not shown to improve clarity 

of the y axis and aid in data visualization (data points were retained in the dataset and included 

in all statistical analyses). (B) Proportion of BCMA+ plasma cells out of total number of plasma 

cells. (C) BCMA receptor density. (D, E) Within-patient paired samples for patients that 

responded and then progressed for (D) the proportion of BCMA+ plasma cells out of total 

number of plasma cells [same as panel B with paired samples indicated] and (E) BCMA 

receptor density [same as panel C with paired samples indicated]. (F) Soluble BCMA levels for 

short (<6 months) and long (≥6 months) responders. (G) Proportion of BCMA+ plasma cells and 

(H) BCMA receptor density stratified by short (<6 months) and long (≥6 months) responders 

[Panels G and H are the same as panels B and C, respectively, with short and long responders 

indicated]. In panels C, E, and H, 1 data point in the baseline group is not shown (~59,000) to 

improve clarity of the y axis and aid in data visualization (data points were retained in the 

dataset and included in all statistical analyses). Data are presented as box plots showing 

median and interquartile ranges. Statistical significance was assessed using the Wilcoxon rank-

sum test, *P<0.05, ***P<0.001. MESF, molecules of equivalent soluble fluorochrome; PD, 

progressive disease; sBCMA, soluble BCMA.
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