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Abstract

Successful adoptive T cell therapy (ACT) requires the ability to activate tumor-specific T cells 

with the ability to traffic to the tumor site and effectively kill their target as well as persist over 

time. We hypothesized that ACT using marrow-infiltrating lymphocytes (MILs) in multiple 

myeloma (MM) could impart greater antitumor immunity in that they were obtained from the 

tumor microenvironment. We describe the results from the first clinical trial using MILs in MM. 

Twenty-five patients with either newly diagnosed or relapsed disease had their MILs harvested, 

activated and expanded, and subsequently infused on the third day after myeloablative therapy. 

Cells were obtained and adequately expanded in all patients with anti-CD3/CD28 beads plus 

interleukin-2, and a median of 9.5 × 108 MILs were infused. Factors indicative of response to MIL 

ACT included (i) the presence of measurable myeloma-specific activity of the ex vivo expanded 

product, (ii) low endogenous bone marrow T cell interferon-γ production at baseline, (iii) a CD8+ 

central memory phenotype at baseline, and (iv) the generation and persistence of myeloma-

specific immunity in the bone marrow at 1 year after ACT. Achieving at least a 90% reduction in 

disease burden significantly increased the progression-free survival (25.1 months versus 11.8 

months; P = 0.01). This study demonstrates the feasibility and efficacy of MILs as a form of ACT 

with applicability across many hematologic malignancies and possibly solid tumors infiltrating the 

bone marrow.

INTRODUCTION

Myeloablative chemotherapy is an accepted therapy for many hematologic malignancies 

including multiple myeloma (MM), albeit with minimal evidence of long-term cures (1). 
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However, we and others have previously shown that the myeloablative therapy also provides 

an ideal platform for the superimposition of immune-based therapies (2–4). Specifically, the 

lymphopenia resulting from high-dose chemotherapy facilitates homeostatic lymphocytic 

proliferation, eliminates tolerogenic antigen-presenting cells (APCs), and induces cytokine 

release that generates a more favorable environment for adoptive T cell therapy (ACT). 

Indirect evidence that the immune system can contribute to the clinical benefits of high-dose 

chemotherapy was shown with early lymphoid recovery, resulting in improved clinical 

outcomes in patients with myeloma, lymphoma, and acute myeloid leukemia undergoing an 

autologous stem cell transplant (SCT) (5–7). Furthermore, these improved outcomes in 

myeloma were associated directly with the dose of autologous lymphocytes infused from the 

apheresis product (8). Together, these data support the hypothesis that antitumor immunity 

can have clinically measurable benefits and advance the question of how to harness such 

immunity to augment the efficacy of currently available therapies.

The ability to eradicate measurable disease with ACT requires T cells to be appropriately 

activated and present in sufficient numbers, have appreciable antitumor activity, home to the 

tumor site, effectively kill the tumor upon encounter, and persist over time. Stimulation with 

paramagnetic beads to which anti-CD3 and anti-CD28 are bound can effectively reverse an 

anergic (tolerant) state, generate activated T cells, and expand their numbers (9). Although 

bead-bound anti-CD3 and anti-CD28 provide a straightforward and robust T cell 

amplification in vitro, a major limitation of this approach is the nonspecific stimulation of 

the entire T cell repertoire without enrichment of tumor-specific T cells. One strategy to 

augment the tumor specificity of ACT is to use a T cell population with greater endogenous 

tumor specificity. Such an enrichment accounts for the considerable antitumor activity of 

ACT using tumor-infiltrating lymphocytes (TILs) from metastatic melanoma (10). However, 

TILs are present only in a subset of patients with metastatic melanoma, and of those, 

successful TIL preparations can be achieved in only 60 to 70% of patients with harvestable 

tumor, which limits the general applicability of such an approach (11). We hypothesized that 

because the bone marrow (BM) is the tumor microenvironment for many hematologic 

malignancies such as MM, marrow-infiltrating lymphocytes (MILs) could be harnessed to 

generate tumor-specific T cell therapy for these specific cancers. In contrast to TILs, MILs 

are present in all patients, can be obtained with a simple bedside procedure, and can be 

rapidly expanded in all patients.

In hematologic malignancies, the BM represents not only the site of disease but also a 

distinctive immunologic microenvironment. Even in solid tumors, evidence exists that BM-

derived T cells can be enriched in memory or effector memory T cells. The immune 

component within the BM is a reservoir of antigen-experienced T cells for both tumor-

specific T cells in host with early-stage breast cancer as well as vaccine-primed T cells (12). 

In the BM, memory CD4 cells are in close contact with interleukin-7 (IL-7)–producing 

stromal cells but not necessarily maintained by either IL-7 or IL-15 (13), and memory CD8 

cells are recruited and maintained through the persistence of antigen expression and 

effective antigen presentation, as well as in response to proliferative signals from IL-7 and 

IL-15 (14, 15). Hence, the heightened tumor specificity of MILs in this setting is likely due 

to the presence of tumor as a source of antigen, whereas their persistence is maintained 
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through the immune interactions with stromal elements, cytokines, and APCs capable of 

effective antigen presentation in this environment.

We have previously shown that anti-CD3/anti-CD28 ex vivo activated MILs have several 

essential properties for ACT. Upon activation, they demonstrate significant tumor specificity 

compared to their peripheral blood lymphocyte counterparts, target a broad range of antigens 

present on both the mature MM plasma cells and their clonogenic precursors, and effectively 

kill MM plasma cells (16). Similar to TILs, MILs have a greater endogenous polyclonal 

antigenic specificity than peripheral lymphocytes. In contrast to TILs, MILs are present in 

all patients and are obtained from a more immune-responsive microenvironment (17). 

Hence, MILs represent a promising tumor-specific approach to ACT for hematologic 

malignancies with BM involvement.

Here, we describe the first clinical study using adoptive therapy with MILs. In addition to 

determining the feasibility and toxicity of administering ex vivo activated MILs in myeloma 

patients receiving myeloablative chemotherapy, we demonstrate a direct correlation between 

the tumor specificity of both the ex vivo expanded/activated MILs and the BM T cells 

obtained at various time points after transplant with clinical outcomes. We also attempt to 

identify criteria indicative of clinical responses and disease progression.

RESULTS

Patient characteristics

A total of 25 patients were enrolled. All but three patients received MILs: one patient 

relapsed between the time of consent signing and collection of the MILs, one patient 

relapsed between the MIL collection and SCT, and one patient withdrew consent. No 

enrolled patient was excluded from MIL therapy because of failure to expand the MIL 

product or to meet release criteria. Table 1 shows the main characteristics of the patients. 

The median age of the patients was 56 years (range, 30 to 71 years); 64% were male and 

82% were white. Patients who had achieved a complete remission (CR) to their last 

treatment were excluded from the study. For all patients, the median number of previous 

therapies was 2.13. Forty-five percent of patients were heavily pretreated and had previously 

relapsed, with a median number of previous therapies of 3.2 (range, 2 to 6). Patients 

received MILs when they obtained the maximal response to the last therapy. Previous 

treatment regimens contained thalidomide, lenalidomide, bortezomib, and dexamethasone 

but were not specified in the protocol.

Study design and clinical outcomes

This was a phase 1 study designed to examine the overall feasibility, safety, and efficacy of 

MILs when administered to patients with MM undergoing an autologous peripheral SCT. 

The sample size was determined on the basis of the ability to establish the toxicity and 

response rates. Stopping rules were only considered in the event of significant toxicity as 

defined in the protocol. All patients who received MILs were considered in the analysis of 

the data.
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Patients received a CD34-selected stem cell product after high-dose melphalan, with a 

median number of infused CD34+ cells of 7.39 × 106/kg (03.3 × 106 to 24.2 × 106/kg) (Fig. 

1). The CD34+ purity was 99.0% in the CD34-selected products, and the median number of 

T cells accompanying the graft was 6.65 × 106 total cells or 0.042% of the total infused 

product. This was done in an effort to measure the direct therapeutic effect of the ex vivo 

expanded MILs and to minimize the contribution of the T cells in the CD34-mobilized stem 

product. Other than this modification, patients received a standard melphalan-200 transplant. 

MILs were infused on day +3 in all patients with an average total T cell dose of per ideal 

body weight of 2.84 × 107/kg (1.29 × 107 to 6.80 × 107/kg). The patients entering into the 

trial all had measurable disease with a median serum M-spike of 1.44 (0.07 to 3.2) and a BM 

plasmacytosis of 32.3% (0 to 90%) at the time of MIL harvest. The percentage of plasma 

cells in the BM at harvest was 37.5% for patients who ultimately achieved a CR, 46.6% for 

partial response (PR), 13.3% for stable disease (SD), and 31.2% for patients who developed 

progressive disease (PD). There was no direct correlation between disease burden at the time 

of MIL harvest and clinical outcomes as measured by either monoclonal protein (Fig. 2A) or 

percent tumor in the BM (Fig. 2B) on day 360 after transplant. However, the overall 

response to treatment before transplant did correlate with outcome. Patients who achieved at 

least a >90% reduction in disease burden had a longer progression-free survival (PFS) and 

overall survival (OS) compared to those who did not (17.2 months versus 9.7 months; P = 

0.02; PFS) (not reached versus 31.5 months; P = 0.02; OS).

One distinguishing feature of MILs compared to peripheral blood lymphocytes (PBLs) was 

the increased expression of CXCR4 (16). Expression of this chemokine receptor could be 

responsible for the SDF-1–CXCR4 interaction between the BM stroma and T cells that 

ultimately facilitates trafficking of MILs to the BM and increases the anti-tumor benefit of 

the ACT. Exogenous granulocyte colony-stimulating factor (G-CSF) reduces SDF-1 

expression in the BM, which could reduce the tropism of MILs to the marrow (18). The 

concern for the potential negative impact of G-CSF on MIL trafficking provided the 

rationale for not treating with G-CSF after transplant. The median time to achieving an 

absolute neutrophil count >500 cells/μl was 17.9 days (range, 12 to 32 days). Several studies 

using activated peripheral lymphocytes have reported a profound lymphocytosis of >3000 

lymphocytes/μl within the first 21 days after transplant (19–21). However, despite the 

observations that early lymphoid reconstitution in standard autologous transplants correlated 

with better disease-related outcomes (5), no such relationship has been reported in the 

setting of ACT. No noteworthy lymphocytosis was observed with MILs in this study. On 

day 14, the median lymphocyte count was 886 cells/μl (range, 138 to 2397 cells/μl) and 

peaked at 1925 cells/μl (range, 349 to 3500 cells/μl) by day 28. A lymphocyte count >500/μl 

or even >1000/μl on day 14 did not correlate with PFS or OS in this study.

The overall clinical response for patients achieving a PR or better in this study was 54% 

with CR 27%, PR 27%, SD 23%, and PD 14%. PFS was associated with the depth of 

response that was achieved. Patients who achieved at least a 90% reduction in disease 

burden had a significantly longer PFS of 25.1 months versus 11.8 months (P = 0.01), but 

showed no difference in OS (Fig. 2, C and D). Furthermore, there was no difference in PFS 

based on the total dose of MILs given to the patients (Fig. 2E).
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MIL product

An advantage of MILs is the generation of polyclonal, endogenous, tumor specificity that is 

not achievable with the ex vivo expansion of PBLs, which lack intrinsic tumor specificity. In 

light of this intrinsic property, one major goal of this study was to determine whether any 

properties of the expanded product were associated with clinical outcomes. MILs were 

expanded in static culture conditions for 7 days. This time frame was previously chosen to 

maximize the number of tumor-specific T cells and not necessarily the total T cell dose 

considering the maximal tumor specificity between 7 and 9 days of expansion. The average 

fold expansion was 48.5 (6.9 to 112.3). Fold expansion (Fig. 3A) and tumor specificity (Fig. 

3B) trends were greater in patients with better clinical outcomes, although they were not 

statistically significant with the limited number of patients evaluated. These data would 

suggest that the in vitro tumor specificity assay of the expanded MIL product could serve as 

a potential biomarker of clinical efficacy. With the Wilcoxon signed rank test, higher 

interferon-γ (IFN-γ) levels from the activated MIL product supernatant were associated with 

an increased likelihood of achieving a CR (P = 0.013) (Fig. 3C) as did IL-2 levels (P = 

0.001) (Fig. 3D). Of the other cytokines examined, tumor necrosis factor–α (TNF-α) 

showed a trend toward greater secretion in patients achieving a CR versus PD. No 

statistically significant differences were observed with IL-1β, IL-8, IL-10, IL-13, IL-17, or 

GM-CSF (granulocyte-macrophage CSF) (Table 2). The biologic relevance of IFN-γ and 

TNF-α production by ex vivo activated T cells was recently confirmed with IL-21–treated 

cells (22).

Correlation of anti-myeloma response with functional immunity

The major focus of this study was not only to use T cells obtained from the BM as a source 

of tumor-specific effector cells but also to assess the immune responses within the tumor 

microenvironment at various time points after ACT and to correlate these with clinical 

response. One goal was to determine whether the baseline immune status of the host could 

potentially predict response to treatment. Baseline in this study is defined as the time of the 

harvest. A central memory (TCM) CD8+ phenotype of MILs at baseline was associated with 

achieving a CR after transplant (Fig. 4A), and this persisted over time (Fig. 4C). In contrast, 

patients with PD showed more effector T cells (TE) at baseline, which was associated with 

the higher amounts of endogenous IFN-γ present in the BM plasma at harvest (Table 3). 

After treatment, the BM plasma cytokines showed increases in IFN-γ and decreases in IL-6 

by day 360 for patients in a CR. There were no appreciable changes in cytokine patterns for 

IL-8, GM-CSF, or IL-17.

T cell subsets were also examined. Controversy still exists regarding the role of regulatory T 

cells (Tregs) in myeloma. For our analysis, Tregs were defined as CD4+/CD25+/CD127low/

FoxP3+ and were analyzed within the BM compartment. As shown in Fig. 5A, the baseline 

percent-age of Tregs was lower (6.8% versus 24.6%) in patients who achieved a CR 

compared to those with PD. However, the final percentage on day 360 was surprisingly 

similar in all groups, with the CR patients showing the greatest increase from 6.8 to 28.5% 

as compared to a change from 24.6 to 26.5% for patients with PD. Nonetheless, we 

hypothesize that these results suggest that Treg depletion of MILs might enhance efficacy or 

even the ex vivo expansion of MILs considering the direct relationship between the higher 
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Treg percentage and lower expansion of the MIL products in the patients who demonstrated 

PD (Fig. 3A).

CD8 cells were stained for perforin, granzyme B, and CD107a as a marker of cytotoxic 

specific degranulation (23). At baseline, there were no statistically significant (Student’s t 

test) differences between patients who achieved a CR compared to those with PD (Fig. 5B). 

By day 360, differences became apparent. In CR patients, CD8 cytotoxicity was globally 

increased. Specifically, granzyme B expression increased by 35.1% every 6 months, perforin 

expression remained unchanged, and CD107a increased by 31.8% the first 6 months and 

101% by 1 year. In contrast, PD patients showed a decrease in cytolytic activity. Granzyme 

B decreased by 33.1%, perforin decreased by 12.7%, but an increase, albeit small, in 

CD107a expression was seen at 12 months.

Immune responses to pneumococcal conjugate vaccine

A major objective of this first study using MILs for ACT was to determine the ability of 

these cells to survive and impart measurable antigen-specific immunity upon transfer. In 

light of the fact that these ex vivo activated MILs were not gene-modified and thus could not 

be distinguished from the endogenous T cell repertoire in the host after myeloablation, the 

patients were given two pneumococcal conjugate vaccine (PCV) vaccinations: the first was 

administered 2 weeks before the collection of MILs, and the second on day +21 after 

treatment. The rationale was first to determine whether antigen-specific immunity could be 

generated and adoptively transferred by ex vivo activated MILs in MM patients and second 

to assess the persistence of this immunity. This vaccine was chosen because of its ability to 

prime both humoral responses to several pneumococcal specific antigens and a cellular 

response to the carrier molecule CRM-197, a modified diphtheria toxin. The pneumococcal 

specific humoral responses show a trend toward better responses in the CR patients and 

worst responses in the PD patients. However, only the antibody responses to 23F achieved 

measurable titers that achieved statistical significance from baseline to day 360 when 

comparing the CR group to the PD group (P = 0.027) (Fig. 6, A and B). Elevated antibody 

titers at harvest can be explained by both the presence of preexisting immunity in the 

patients and the fact that these antibody responses are being measured in the BM where the 

first time point was actually 2 weeks after the pretransplant PCV vaccination and not before 

vaccination.

T cell responses to the PCV carrier molecule CRM-197 were also examined. In light of the 

fact that the patients transplanted in this study received a CD34-enriched stem cell product 

(and thus T cell–reduced), the demonstration of CRM-197 T cell immunity would most 

likely reflect vaccine priming and persistence of MILs after adoptive transfer. Although 

statistically significant differences were not appreciated between the patients in CR versus 

PD, the persistence of these responses suggested that substantial fraction of the infused 

MILs persisted up to 1 year (Fig. 6C).

Tumor-specific immunity in the BM

A major limitation of many immune-based studies lies in the lack of correlation between 

immune responses and clinical outcomes. To address this concern, we examined the immune 
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response in the tumor microenvironment by using T cells from the BM obtained at the 

indicated time points. We have previously shown that the antigen-specific T cell responses 

are greater when analyzed in the BM as compared to the blood (24). Myeloma-specific 

immunity was minimal at baseline as expected, peaked at day 180, but was surprisingly still 

present and only modestly reduced at 1 year after transplant (Fig. 7A). Differences in 

antitumor immunity were also evident between patients. One group of patients failed to ever 

demonstrate detectable myeloma-specific immunity, whereas in another cohort, greater than 

30% of their CD3+/CFSElow cells produced IFN-γ in response to myeloma lysate suggestive 

of a potent anti-myeloma response. These differences in myeloma-specific immunity were 

associated with clinical outcomes. The greatest myeloma-specific immunity was observed in 

those who achieved a CR (Fig. 7B). Patients who achieved a PR, SD, or PD to therapy all 

had similar amounts of tumor specificity. These data demonstrate several important 

properties that MILs have in the setting of ACT. Specifically, they can prime and adoptively 

transfer both vaccine-specific and polyclonal, anti-myeloma immunity, effectively traffic to 

the BM, and persist over time.

DISCUSSION

This study is the first demonstration of the feasibility and efficacy of ACT using MILs. We 

also demonstrate a strong correlation between clinical outcome and tumor-specific activity, 

as well as persistence of tumor-specific T cells in the BM after ACT. The results presented 

here underpin a randomized multicenter clinical trial currently under way to assess efficacy 

of this ACT approach relative to autologous transplant alone.

The correlation between the tumor specificity upon ex vivo expansion and clinical outcomes 

can potentially result in a biomarker in patient selection, which could predict clinical 

efficacy in those patients who go on to receive this product. It also suggests that this could 

be a straightforward readout for future strategies to optimize ex vivo MIL expansion. 

Indeed, we have already introduced various modifications in the MIL processing based on 

expansion of tumor-specific T cells ex vivo. The rationale behind the development of MILs 

lies in several of their features. The broad antigenic specificity of these activated cells, the 

ability to traffic to the BM upon infusion, and their persistence over time underscore their 

distinct properties. While initially envisioning the use of MILs merely as a source of tumor-

specific T cells, we must also consider the immunologic properties of the BM immune 

environment. It is rich in APCs that likely play an important role in enriching for antigen-

experienced T cells and maintaining endogenous T cell proliferation (17, 25), as well as 

enrichment of central memory T cells (12).

The presence of TCM CD8+ phenotype was associated with the highest likelihood of 

achieving a CR. This supports studies by others whereby central memory T cells impart 

better and more durable immunity, as well as have greater persistence in vivo, better antigen 

recall responses, and improved trafficking to secondary lymphoid organs and, in our case, 

also to the BM compared to effector memory T cells (26, 27). We failed to observe any 

correlation between naïve CD8+ T cells and response and did not examine the presence of 

the stem cell memory (TSCM) population, both of which have been associated with long-

term T cell persistence. However, in light of the data showing minimal numbers of TSCM in 
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the BM (28), we would not expect these cells to correlate with clinical outcomes in our MIL 

patients. Other features of CD8+ cells correlating with CR included increases in granzyme 

B, CD107a, and persistent perforin expression.

A major difference and potential benefit of MILs compared to PBLs is the greater tumor 

specificity of MILs that is observed after anti-CD3/CD28 ex vivo activation. This was 

measurable in all patients enrolled on this study but has never been observed with activated 

PBLs in our preclinical studies (16). Significant variability in the tumor specificity was 

observed with ex vivo, activated MILs. This tumor specificity was associated with clinical 

outcomes (Fig. 7), suggesting that MILs are capable of both trafficking to the BM and 

exerting a cytotoxic effect upon their encounter with tumor—both critical features for 

successful ACT.

MILs differ from TILs in that they come from very different compartments and in feasibility 

of standardized product production for ACT. In contrast to TILs, MILs could be harvested in 

all patients, and an average of 3.3 × 109 cells were obtained with a 200-ml bedside BM 

collection. The manufacturing of the expanded product was done with a 7-day process, and 

T cells were expanded in all patients. The easy access to the tumor site, the absence of the 

need for surgical removal of the tissue containing the T cells, the numbers of cells obtained 

with the harvest, and the ability to expand products in all patients with a relatively short 

process at a reasonable cost contrast sharply with several limitations of TIL ACT.

The marked recent successes in ACT have been observed with chimeric antigen receptor 

(CAR)–modified T cells. This approach has generated enthusiasm largely based on the 

rather impressive results observed with the CD19 CAR T cells treating both adult chronic 

lymphocytic leukemia and pediatric acute lymphoblastic leukemia patients with relapsed/

refractory disease (29–31). These results have clearly pointed to the ability to achieve 

clinically meaningful remissions targeting a single surface antigen. In myeloma, several 

surface antigens are currently being explored including CS-1 (32) and B cell maturation 

antigen (BCMA) (33). Targeting of a single antigen runs the risk of ultimately developing 

antigen escape variants at relapse. One distinctive feature of MILs compared to PBLs, which 

are currently used in most ACT studies, is the broader endogenous antigenic repertoire. 

Also, on the basis of their distinct functional capacity compared with PBL, MILs could 

potentially be harnessed as a better source of T cells for CAR-based therapies.

Patients in a CR at the time of their MIL harvest were excluded from the study to ensure the 

presence of antigen during the activation and expansion process. The underlying rationale 

for this was that the presence of tumor during T cell expansion maintains a level of antigenic 

specificity that generates a more tumor-specific product. We have, in fact, previously 

demonstrated that the greatest tumor specificity of the MIL product was obtained when these 

T cells were grown in the presence of tumor (16). Removing MILs from the BM 

microenvironment before T cell activation significantly reduced the tumor specificity. 

However, factors mediating this enhanced tumor specificity extended beyond the mere 

presence of tumor because activation of PBLs in the presence of tumor was incapable of 

achieving the level of tumor specificity that was observed with activated MILs—a factor 

that further underscores substantial differences between PBLs and MILs. Our manufacturing 
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approach was developed to maximize the endogenous properties of the BM and generate the 

greatest possible tumor specificity per T cell.

A major limitation of many immunotherapeutic studies has been the lack of correlation 

between clinical outcomes and immune responsiveness. One factor contributing to this 

discrepancy may be related to performing the immune studies in an irrelevant tissue 

compartment. To address this issue, we performed all the immune analysis using only BM 

obtained at various time points throughout the study. Furthermore, the assays were 

performed ex vivo to best assess the true immune status. One major concern in this first 

study using MILs was the persistence of the cells upon infusion. The absence of any specific 

gene marker limited our ability to directly track the fact of adoptively transferred MILs. 

However, the patients were vaccinated with PCV 2 weeks before the MIL harvest and again 

on day 21 after transplant. Hence, it is reasonable to assume that the vast majority of the 

CRM-197+ T cells were MILs that were primed with the preharvest vaccine, adoptively 

transferred, and further augmented with the early post-transplant vaccine—a time in which T 

cell reconstitution from either the host or the stem cell graft is negligible. The presence of 

CRM-197+ T cells with the MIL harvest and the relatively unvaried persistence of those T 

cells out to 1 year are suggestive of the persistence of MILs (Fig. 6E). In light of these 

findings, the tumor specificity data are most likely a reflection of the function of the infused 

activated MILs. The surprising findings were both the apparent correlation between high 

levels of tumor-specific immunity and CR as well as the persistence of that response (Fig. 

7B). We observed a 25% incidence of grade 1 to 2 autologous skin graft-versus-host disease 

(GVHD), which is slightly higher than the 16% reported with activated peripheral 

lymphocytes (20). As with other reported studies, autologous GVHD did not appear to 

correlate with an improved antitumor effect (34).

Clinically, this protocol enrolled a rather high-risk group of patients defined by the fact that 

none were in CR, 45% had previously relapsed disease, and the median number of previous 

therapies was 2.13. One of the best predictors to achieving a CR after transplant is being in a 

CR at the time of transplant (35, 36), and that specific group was intentionally excluded 

from the study. Furthermore, the tumor concentration at BM harvest (average of 33% 

plasma cells) was substantially greater than would be expected in a patient population 

entering transplant.

In conclusion, this study shows that MILs can be effectively used as a source of tumor-

specific T cells for adoptive cell therapy especially in hematologic malignancies. 

Furthermore, it highlights several baseline parameters in the MIL product and in the host 

that could potentially predict clinical outcomes, which, if confirmed in larger studies, could 

serve as potential biomarkers to determine patient eligibility and possibly evaluate the 

quality of the product. However, durability of the clinical response was less than one would 

ultimately wish to achieve. This may be due to having failed to achieve the threshold dose of 

T cell necessary to impart a persistent response or the loss of tumor specificity over time, or 

a function of the high-risk population enrolled. Hence, approaches to address these issues 

include modification of our manufacturing processes from static to dynamic culture systems 

to obtain greater numbers and potentially also adding a tumor vaccine in the peritransplant 
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setting to both increase the precursor frequency of tumor-specific MILs and maintain tumor 

specificity after transplant.

METHODS

Study design

This was a phase 1 study designed to examine the overall feasibility, safety, and efficacy of 

MILs when administered to patients with MM undergoing an autologous peripheral SCT. 

The sample size was determined on the basis of the ability to establish the toxicity and 

response rates. Stopping rules were only considered in the event of significant toxicity as 

defined in the protocol. All patients who received MILs were considered in the analysis of 

the data. Immune monitoring time points are shown in Fig. 1, and the experiments were 

performed in triplicate.

Patients

Study participants were at least 18 years old with a diagnosis of active, symptomatic 

myeloma requiring treatment (Durie-Salmon II or III). Patients were eligible for the study if 

they had never previously received an autologous SCT and had measurable disease at the 

time of the MIL harvest as determined by the presence of a monoclonal spike in their serum 

and/or urine coupled with a detectable presence of clonotypic plasma cells in the BM. 

Patients with amyloidosis or plasma cell leukemia were excluded, as were patients with 

active autoimmune disease requiring systemic treatment. Patients who completed their first 

line of chemotherapy as well as patients with relapsed disease receiving subsequent lines of 

therapy were eligible for the study as long as they had never previously undergone an 

autologous SCT. MILs could be harvested either before treatment for newly diagnosed 

patients or before the SCT. Eligibility criteria included the following: a total neutrophil 

count >1000/mm3, platelets >75,000/mm3, Eastern Cooperative Oncology Group (ECOG) 

performance status >2, left ventricular ejection fraction >45%, adequate pulmonary function 

with an FEV1 (forced expiratory volume in 1 s) and FVC (forced vital capacity) >70, 

bilirubin <2.0, transaminases <2 times the upper limit of normal, and serum creatinine <2.0. 

Patients were required to be HIV1- and HIV2-negative as well as human T cell leukemia 

virus (HTLV) 1– and HTLV2-negative. All patients gave written informed consent in 

accordance with the Declaration of Helsinki. The study was approved by the Institutional 

Review Board of Johns Hopkins University and registered with ClinicalTrials.gov 

NCT00566098.

Clinical trial

The schema for the clinical trial is shown in Fig. 1. Patients who met the initial eligibility 

criteria received a pretransplant PCV (Prevnar) 2 weeks before undergoing a BM collection 

of 200 ml for MIL expansion. Peripheral stem cells were mobilized and collected with 

cyclophosphamide (3000 mg/m2, intravenously) followed by G-CSF (10 μg/kg, 

subcutaneously) starting on the day after the cyclophosphamide through the day of stem cell 

collection. High flow pheresis was done to obtain a minimum of 5 × 106 CD34+ cells/kg. 

CD34+ stem cells were then isolated using a Miltenyi CliniMACS. The preparative regimen 

consisted of melphalan (200 mg/m2) given over 2 days followed by the stem cell infusion on 
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day 0. The cryopreserved activated MIL product was administered on day +3 after transplant 

as a single infusion. No G-CSF was permitted after transplant. Patient received PCV again 

on day +21 after transplantation. BM biopsies were performed on days +60, +180, and +360 

as per standard institutional practices.

MIL collection

Patients had their MILs collected either at diagnosis, before treatment (n = 4), or before 

transplant (n = 18). To minimize any effects of chemotherapy on the ability to expand the 

MILs, the chemotherapy was discontinued 3 weeks before the MIL collection. The 

collection of MILs was an outpatient, bedside procedure in which the patients were given 

conscious sedation consisting of intravenous fentanyl and midazolam as per standard 

practice and titrated to patient comfort. The posterior iliac crests were sterilely prepped and 

draped, and the collection was performed by two operators drawing 20 ml of BM into 

syringes containing 2 ml of heparin (1:1000) for a total of 200 ml.

MIL expansion

The collected BM was kept at room temperature overnight and subsequently depleted of red 

cells using the COBE Spectra and then frozen. At the time of cell expansion, the MILs were 

thawed and stimulated with ClinExVivo CD3/CD28 obtained from Life Technologies at a 

3:1 bead–to–T cell ratio. The expansions were done in static cultures with American 

Fluoroseal Corporation bags for 7 days with the addition of IL-2 (200 IU/ml). The MILs 

were subsequently harvested and subjected to magnetic bead depletion using the 

CliniMACS bead removal system. The expanded MIL product was frozen and subsequently 

thawed at the bedside at the time of infusion. The product was administered, after 

premedication with acetaminophen and diphenhydramine, through standard blood tubing 

without an additional filter at a rate of 10 ml/min. The average dose of MILs infused was 9.5 

× 108 cells (range, 4.1 × 108 to 2.2 × 109).

Luminex cytokine analysis

Luminex analysis was performed on the cell culture medium obtained on the final day of the 

MIL expansion, as well as from the plasma obtained from the BM aspirates at the indicated 

time points before and after transplant. For analysis of the MIL expansion product, the 

medium was removed from the culture and centrifuged. For the BM plasma, the BM 

obtained at the time of harvest was centrifuged at 1500 rpm within 2 hours of collection and 

the plasma was collected. The Luminex 17-plex protocol was followed per the 

manufacturer’s recommendations. The cytokines analyzed included IL-1β, IL-2, IL-4, IL-5, 

IL-6, IL-7, IL-8, IL-10, IL-12, IL-13, IL-17, G-CSF, GM-CSF, IFN-γ, MCP-1, MIP-1β, and 

TNF-α. The results were plotted against clinical outcomes.

Immune monitoring analysis

Tumor specificity assay—BM-derived T cells obtained at the indicated time points 

before and after transplant were labeled with carboxyfluorescein diacetate succinimidyl ester 

(CFSE; Invitrogen), incubated for 10 min at 37°C, and washed per the manufacturer’s 

recommendations. Autologous BM cells were pulsed either in AIM-V medium alone or with 
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SW780 (bladder carcinoma cell line) lysate or H929 + U266 (myeloma cell line) lysates, 

respectively. After 5 days, tumor specificity was determined by staining the cells with anti-

CD3 (BD Biosciences) and IFN-γ (eBioscience) and by analyzing them with flow 

cytometry. Data were collected on the Gallios flow cytometer (Beckman Coulter) and 

analyzed with Kaluza software (Beckman Coulter). Tumor-specific cells were scored as 

CD3+/CFSElow/IFN-γ+.

CRM-197 T cell responses—BM cells were thawed in AIM-V medium (Invitrogen), 

labeled with CFSE (Invitrogen), incubated for 10 min at 37°C, and then washed according to 

the manufacturers’ recommendations. CRM-197 responses were determined by adding the 

diphtheria toxin, CRM-197 (Sigma) (10 μg/ml), or medium alone for 5 days at 37°C. After 

culture, cells were stained extracellularly with anti-CD3 (BD Biosciences) and 

intracellularly with anti–IFN-γ(eBioscience) before analysis by flow cytometry. Data were 

acquired on a Gallios flow cytometer and analyzed using Kaluza software. Antigen-specific 

T cells were identified as CD3+/CFSElow/IFN-γ+ T cells.

Immune reconstitution phenotype—BM and/or peripheral blood cells were stained 

extracellularly with CD3, CD4, CD8, CD25, CD45RO, CD62L, CD69, PD1, PDL1, CD14, 

CD15, HLA-DR, CD124, CD19, CD56, CD38, and CD138 and intracellularly for FoxP3 

and IFN-γ(all antibodies were obtained from either BD Biosciences or Beckman Coulter). 

Cells were run on the Gallios flow cytometer (Beckman Coulter), and data were analyzed 

using Kaluza software (Beckman Coulter).

Statistics

The Kruskal-Wallis test, followed by the Wilcoxon rank sum, was used to determine 

statistical significance from baseline (BMH) to each successive time points (days 60, 180, 

and 360) in the four clinical outcome groups (CR, PR, SD, and PD). Results are reported as 

means ± SEM. Two-tailed Student’s t test was performed to compare the mean of two 

groups. Kaplan-Meir analysis was performed followed by log-rank test for statistical 

significance. Significance was assumed at P < 0.05. All analyses were performed using 

functions and methods implemented in the R statistical environment.
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Fig. 1. Study schema
A PCV was given 2 weeks before BM was obtained for MIL expansion. Patients then 

underwent a standard stem cell mobilization with cyclophosphamide and G-CSF. A 

melphalan-200 preparative regimen (Mel 200) was given in preparation for the SCT. The 

activated MILs (aMILs) were infused on day (D) 3 after transplant. A second PCV was 

given on day +21. Immune monitoring of the BM occurred with the BM harvest and on days 

60, 180, and 360 as indicated by the circles. PSCT, peripheral SCT.
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Fig. 2. Clinical data
(A) Serum protein electrophoresis (SPEP) analysis. Disease burden was measured by SPEP 

(g/dl) at bone marrow harvest (BMH) and on days 60, 180, and 360. CR, n = 6; PR, n = 7; 

SD, n = 5; PD, n = 4. (B) Percentage plasma cells in BM. The percent of plasma cells in BM 

biopsies was determined at the indicated time points. (C) PFS. PFS was analyzed comparing 

patients who achieved a VGPR or better versus those who achieved less than a VGPR (P = 

0.02, Student’s t test). (D) OS. OS was analyzed comparing patients who achieved a VGPR 

or better versus those who achieved less than a VGPR. (E) PFS and MIL dosage. PFS was 

analyzed comparing patients who received an MIL dose of 1.35 × 108 cells to those who 

received less than 1.35 × 108 cells.
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Fig. 3. MILs clinical product
(A) MILs fold expansion. Fold expansion of MIL products was analyzed according to 

disease response (CR, n = 6; PR, n = 7; SD, n = 5; PD, n = 4). (B) Tumor specificity of MIL 

product. The tumor specificity of the MIL products was measured by CD3+/CFSElow/IFN-

γ–producing cells comparing patients who achieved a CR (n = 5) versus those who had PD 

(n = 3). (C) IFN-γ–activated MIL clinical product supernatant. IFN-γ (pg/ml) was measured 

in the activated MIL clinical product supernatant. Data were analyzed according to disease 

response. With a Kruskal-Wallis test and Wilcoxon sum rank, the patients who achieved a 

CR (n = 4) had significantly more IFN-γ in the product supernatant than those with PD (n = 

3) (P = 0.013). (D) IL-2 MIL product supernatant. IL-2 was measured in the MIL product 

supernatant. Data were analyzed according to disease response. With a Kruskal-Wallis test 

and Wilcoxon sum rank, patients who achieved a CR (n = 4) had significantly more IL-2 

than those with PD (n = 3) (P = 0.001).
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Fig. 4. Memory subsets
(A) T cell memory subsets at baseline. CD8 memory subsets of MILs were measured by 

staining CD8/CD45RO/CD62L. Subsets are as follows: naïve cells (N) are CD45RO−/

CD62L−; effector cells (E) are CD45RO−/CD62L+; effector memory cells (EM) are 

CD45RO+/CD62L−; and central memory cells (CM) are CD45RO+/CD62L+. Data were 

analyzed according to disease response. CR, n = 6; PR, n = 7; SD, n = 5; PD, n = 4. (B) T 

cell memory subsets after MIL infusion. CD4 (upper row) and CD8 (lower row) memory 

cell subsets in the BM were plotted for each patient at harvest and on days 60, 180, and 360 

according to disease response (CR, n = 6; PR, n = 7; SD, n = 5; PD, n = 4).
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Fig. 5. Peritransplant immune responses
(A) Tregs. Tregs as measured by CD4+/CD25+/FoxP3+ were measured at harvest and on days 

60, 180, and 360. Data were analyzed according to disease response. CR, n = 6; PR, n = 7; 

SD, n = 5; PD, n = 4. (B) CD8+ granzyme B+ expression on marrow-derived T cells was 

analyzed in patients achieving a CR or PD by flow cytometry examining CD8 and granzyme 

B production. Student’s t test showed that statistical significance was reached at days 180 

and 360 (P = 0.003 and 0.006, respectively). CR, n = 6; PD, n = 3. (C) CD8+ perforin+ 

marrow-derived T cells were analyzed by flow cytometry in patients who either achieved a 

CR or had PD. CD8 perforin production with Student’s t test statistical significance P = 0.03 

on day 180 and P = 0.01 on day 360. CR, n = 6; PD, n = 3. (D) CD8+CD107a+ marrow-

derived T cells were analyzed by flow cytometry in patients who either achieved a CR or 

had PD. With a Student’s t test, these data were not statistically significant.
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Fig. 6. PCV serologic and T cell responses
Plasma from the BM at the indicated time points before and after MIL infusion were used to 

quantify humoral responses. (A and B) 6B (A) and 23F (B) antibody titers after PCV 

vaccination. Data were graphed per patient and analyzed according to disease response. CR, 

n = 6; PR, n = 7; SD, n = 5; PD, n = 4. (C) CRM-197–specific T cell responses. T cell 

responses to CRM-197 were measured in the BM by quantifying CD3+/CFSElow/IFN-γ+ T 

cells. The positive responses at BMH were a result of the administration of PCV 2 weeks 

before the harvest. Data were analyzed according to disease response groups.
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Fig. 7. Tumor-specific responses
(A) Tumor-specific responses over time. Myeloma-specific immunity was measured by 

pulsing BM that was CFSE-labeled with tumor lysate and analyzing CD3+/CFSElow/IFN-γ+ 

cells as the antigen-specific cells. CR, n = 6; PR, n = 7; SD, n = 5; PD, n = 4. (B) Tumor-

specific fold change over time by disease response. The fold change of CD3+/CFSElow/IFN-

γ+ cells was measured from baseline over time and analyzed. (C) Tumor-specific fold 

change over time by disease response summary. The fold change of CD3+/CFSElow/IFN-γ+ 

cells was measured from baseline over time and analyzed according to disease response. 

With the Wilcoxon sum rank at days 180 and 360, the patients achieving a CR had 

statistically significantly greater fold increase in tumor-specific T cells than those in all other 

response groups (P = 0.02 and 0.03, respectively).
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Table 1

Patient characteristics.

Value Percent

Age (years) 56 (30–71)

Race

 White 18 81

 African American 3 14

 Hispanic 1 5

Sex

 Male 14 64

 Female 8 36

Myeloma subtype

 IgG 13 60

 IgA 9 40

Number of previous therapies

 1 12 55

 2 4 18

 3 3 14

 >4 3 14

Response before BMT

 CR 0 0

 VGPR 3 14

 PR 14 64

 MR 2 8

 SD 3 14

Response to BMT

 CR 7 32

 PR 6 27

 SD 6 27

 PD 3 14

BMT, bone marrow transplantation; IgA, immunoglobulin A; IgG, immunoglobulin G; MR, minor response; VGPR, very good partial response.
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Table 2
Cytokine production in the supernatant of the MIL post-expansion product (mean ± SE)

MIP-1β, macrophage inflammatory protein–1β.

Cytokine (pg/ml) CR (n = 4) PR (n = 8) SD (n = 5) PD (n = 2)

IL-1β 18.9 (17.3) 16.3 (8.4) 16.8 (12.2) 28.8 (27.0)

IL-2* 4,396.8 (571.4) 3,412.2 (2076.0) 3,392.7 (1463.7) 1,684.7 (1597.8)

IL-4 7.7 (1.4) 8.3 (1.3) 9.2 (2.4) 14.0 (9.3)

IL-5 125.0 (103.7) 201.7 (216.3) 518.2 (601.3) 359.4 (415.3)

IL-6 447.3 (296.2) 424.5 (168.4) 346.2 (292.8) 663.8 (541.3)

IL-8 9,044.8 (6025.1) 9,521.7 (4230.9) 8,460.9 (6888.1) 10,815.6 (1755.2)

IL-10 20.5 (5.0) 17.5 (8.6) 23.8 (15.9) 28.6 (30.1)

IL-12 23.3 (3.6) 20.8 (8.6) 20.8 (10.0) 34.0 (28.1)

IL-13 679.6 (514.3) 420.8 (271.8) 1,254.3 (1650.3) 1,551.3 (2039.5)

IL-17 64.0 (12.9) 65.6 (45.4) 56.1 (25.0) 118.2 (97.5)

GM-CSF 5,275.0 (1510.1) 5,172.7 (362.5) 5,320.1 (710.9) 8,663.5 (5902.9)

IFN-γ† 57,195.0 (26626.3) 21,846.8 (8657.8) 12,911.4 (7073.2) 18,878.1 (15091.2)

MIP-1β 2,316.0 (1325.8) 1,536.7 (1156.5) 1,951.5 (2055.7) 552.6 (n = 1)

TNF-α 59.5 (42.2) 36.3 (32.2) 41.4 (39.4) 13.2 (8.5)

*
P = 0.001.

†
P = 0.013.
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