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Abstract 

As curative therapies for pediatric AML remain elusive, identifying potential new treatment 

targets is vital. We assessed the cell surface expression of CD74, also known as the MHC-II 

invariant chain, by multidimensional flow cytometry in 973 patients enrolled in the Children’s 

Oncology Group AAML1031 clinical trial. 38% of pediatric AML patients expressed CD74 at any 

level and a comparison to normal hematopoietic cells revealed a subset with increased 

expression relative to normal myeloid progenitor cells. Pediatric AML patients expressing high 

intensity CD74 typically had an immature immunophenotype and an increased frequency of 

lymphoid antigen expression. Increased CD74 expression was associated with older patients 

with lower WBC and peripheral blood blast counts, and was enriched for t(8;21), trisomy 8, and 

CEBPA mutations. Overall, high CD74 expression was associated with low-risk status, however 

26% of patients were allocated to high-risk protocol status and 5-year event free survival was 

53%, indicating that a significant number of high expressing patients had poor outcomes. In vitro 

pre-clinical studies indicate that anti-CD74 therapy demonstrates efficacy against AML cells but 

has little impact on normal CD34+ cells. Together, we demonstrate that CD74 is expressed on a 

subset of pediatric AMLs at increased levels compared to normal hematopoietic cells and is a 

promising target for therapy in expressing patients. Given that nearly half of patients expressing 

CD74 at high levels experience an adverse event within 5 years, and the availability of CD74 

targeting drugs, this represents a promising line of therapy worthy of additional investigation. 

 

 

  



Introduction: 

Even with the widespread application of intensive chemotherapy and hematopoietic stem cell 

transplantation, curative treatments for pediatric patients with acute myeloid leukemia (AML) 

remain elusive.1 While outcomes in pediatric AML from first diagnosis have improved in recent 

years they still lag behind pediatric acute lymphoblastic leukemia (ALL) and outcomes of high-

risk patients, and in particular patients who relapse, remain dismal, highlighting the need for 

new approaches for treatment.1-8 Identifying biomarkers at the time of diagnosis is one such 

possible approach. These biomarkers could be associated with prognosis, such as the 

published RAM phenotype.9 Alternatively, with the increased availability of targeted and 

immunotherapeutic treatments, identified candidate biomarkers could serve as a potential 

source of targets for treatment, as has been seen in B cell malignancies.10-15 While AML has 

proved more difficult to treat via these methods, gemtuzumab ozogamicin, an anti-CD33 

antibody-drug conjugate is approved for use in AML and other targets, including CD123 and 

others, are under investigation.16-20 However, both biomarker-based risk assessments and 

targeted therapies require the identification of molecules that are sufficiently and stably 

expressed and relatively specific to leukemia cells. 

CD74, also known as the invariant chain of major histocompatibility complex (MHC)-II, is 

a single pass type II membrane protein originally identified as an MHC class II chaperone, 

facilitating antigen loading and presentation.21, 22 More recently, CD74 has been identified as 

having roles in monocyte/macrophage activation, stem cell maintenance, B cell differentiation, 

and T-cell function, all of which rely on the capability of CD74 to initiate cell signaling through 

multiple pathways.23-31 Due to its diverse functions, previous studies have shown CD74 to be 

expressed in a variety of normal hematopoietic cell types (B cells, macrophages, and dendritic 

cells), as well as in AML, B cell lymphomas, and multiple myeloma.32-38 

 CD74 has generated interest as an immunotherapeutic target, as it is expressed on the 

surface of multiple hematopoietic neoplasms and is rapidly internalized.39, 40 Previous studies 



have shown an association between expression of CD74 and clinical outcome in adult patients 

treated with bortezomib, though the exact nature of this association is unclear.32, 41 Additionally, 

anti-tumor activity has been noted in pre-clinical models of B and T cell lymphomas, multiple 

myeloma, and solid tumors.34, 37, 42-44 To date, phase 1 trials in B cell lymphomas have 

demonstrated limited response.45 However, additional trials with newer therapeutics (STRO-

001),44, 46-48 in multiple myeloma and B cell lymphomas, are underway and preliminary analysis 

has shown that the drug is well tolerated.49, 50 Recently published pre-clinical data has 

demonstrated the efficacy of STRO-001 against AML and B-ALL cells both in vitro and in patient 

derived xenograft (PDX) mouse models.51 

Despite the association with both myeloid cells and hematologic malignancies, data 

regarding the quantitative expression of CD74 in pediatric AML is limited. In this study, we 

assessed CD74 cell surface expression by flow cytometry in 973 pediatric AML patients enrolled 

in the Children’s Oncology Group AAML1031 phase 3 clinical trial and demonstrate that a 

subset of pediatric AMLs express increased levels of CD74 on the cell surface compared to 

normal myeloid progenitors. We further correlated cell surface CD74 expression levels with 

known risk factors and patient outcomes. Together, the data suggest that CD74 may be a useful 

biomarker and a possible therapeutic target in pediatric AML. 

Methods: 

Patients and Treatment 

Pediatric patients with newly diagnosed de novo AML (excluding acute promyelocytic or Down 

syndrome-associated AML) enrolled (February 2011-January 2016) on the Children’s Oncology 

Group (COG) AAML1031 phase 3 clinical trial (NCT01371981) were eligible for this study. 

Details of this study have been previously published.2 AAML1031 tested the efficacy of the first-

generation proteasome inhibitor bortezomib along with a four-cycle multi-agent chemotherapy 

backbone in a randomized fashion. Multi-dimensional flow cytometry (MDF) analyses were 



performed at central reference laboratory (Seattle WA, USA). The National Cancer Institute’s 

central institutional review board (IRB) as well as the IRB at each enrolling center approved the 

study; patients and families provided informed consent or assent as appropriate and was 

conducted in accordance with the Declaration of Helsinki. 

 

CD74 Assessment 

Specimens were processed and analyzed by a difference from normal analysis method as 

previously described.52, 53 CD74 fluorescence was collected on diagnostic samples prospectively 

and the intensity of CD74 was retrospectively assessed. Expression of CD74 on normal cells 

was collected on either banked CD34+ cord blood cells from healthy births or bone marrows 

from patients without hematopoietic malignancies.  

 

STRO-001  

STRO-001 (CD74-directed antibody drug conjugate) and the unconjugated antibody SP7219 

were a gift from Sutro BioPharma. Drug and antibody were diluted in culture medium before 

adding to cells. 

 

CFU Assays 

250 cells, either treated with STRO-001 or control for 48 hours, were cultured at 37oC with 5% 

CO2 for 10-14 days. Colonies were counted and characterized. Colony types were normalized to 

total number of colonies present in the untreated specimen. 

 

In Vitro Cytotoxicity Assays 

Primary cells were plated at a density of 20,000 cells per well on 96 well plates (Corning, 3603) 

with the indicated dilution of STRO-001 with or without blocking antibody. Cell viability was 



determined via luminescence 3 days after continuous exposure using CellTiter-Glo (Promega, 

Cat#G7570). Data were normalized to untreated controls. 

 

Statistical Analysis  

AAML1031 patient outcome data were analyzed with a data cut-off of June 30th, 2022. The 

Kaplan-Meier method was used to estimate overall survival (OS) and event-free survival (EFS). 

A P-value <0.05 was considered statistically significant. 

 

Results: 

Study Population 

A total of 1294 pediatric patients with newly diagnosed de novo acute AML were enrolled on 

AAML1031. Patients considered not eligible or not consented for correlative biological studies 

were excluded from this analysis. Patients in Arm C were also excluded as they were 

exclusively FLT3-ITD high allelic ratio and received sorafenib as part of their treatment,4 making 

them a poor comparator to the remaining patients. A bone marrow aspirate at time of diagnosis 

submitted for flow cytometry analysis was required, disease had to be identified in the marrow, 

and cell surface CD74 expression data had to be collected. These criteria resulted in 973 

patients eligible for this analysis, who were evenly distributed between Arms A (478; 49%) and 

B (495, 51%). A diagram of the study design can be found in Supplementary Figure 1. 

 

CD74 is Expressed on the Cell Surface of a Subset of Pediatric AMLs 

Bone marrow specimens at time of AML diagnosis were assessed by flow cytometry for 

quantitative surface expression of CD74 on AML cells identified by a difference from normal 

assessment using FITC conjugated antibody. CD74 showed a log normal distribution of 

expression across the cohort (Figure 1A). The intensity and range of antigen expression was 

comparable to that observed for other cell surface antigens expressed in pediatric AML when 



stained with FITC conjugated antibodies (Figure 1B). 38% of cases demonstrated mean CD74 

expression two standard deviations above the mean FITC autofluorescence of the patients 

eligible for this study and were considered positive for CD74 (Figure 1C). For the purposes of 

this study, patients were divided into quartiles based on CD74 expression, and as described for 

other AML surface markers, the highest CD74 expressing quartile (Q4) was compared to the 

lower expressing quartiles (Q1-3) to assess associations with clinical variables.5, 54, 55 The 

median CD74 mean fluorescent intensities (MFIs) were 6.23 (range: 2.24-7.84) for quartile 1 

(Q1), 9.35 (range: 7.86-10.84) for quartile 2 (Q2), 13.26 (range: 10.85-16.55) for quartile 3 (Q3), 

and 24.09 (range: 16.57-275) for quartile 4 (Q4) (Figure 1C). Patients in each quartile were 

equally distributed between study arms (Q4: 129 (53%) Arm A, 114 (47%) Arm B; Q1-3: 349 

(48%) Arm A, 381 (52%) Arm B). 

 Samples allocated to Q4 showed increased levels of expression on AML cells of 

immature markers (CD34 and CD117) as well as class II MHC (HLA-DR) and CD38 as 

assessed by mean MFI compared to cases in quartiles 1-3 (Figure 1D). Patients in Q4 also 

showed an increased rate of aberrant expression of lymphoid antigens (CD56, CD7, and CD19), 

with positive expression defined as an MFI greater than two standard deviations above mean 

autofluorescence (Figure 1E). CD74 expression at time of relapse was only available for two 

patients in CD74 Q4, but in both patients CD74 was expressed at levels similar to diagnosis 

(Figure 1F), suggesting that CD74 may be a durable biomarker for leukemia in these patients 

and could possibly be utilized in MRD analysis. 

 

CD74 is Expressed on Normal Monocytes and Myeloid Progenitors at Lower Intensity 

than High Expressing Pediatric AMLs 

To determine how the expression of CD74 on pediatric AML cells compares to what is observed 

on normal hematopoietic cells, we assessed CD74 (stained with PE antibody) expression on 

MRD negative recovering pediatric bone marrows post chemotherapy. CD74 was consistently 



expressed on monocytes and CD34+ myeloid progenitor cells (Figure 2A, B). While it was not 

consistently expressed on lymphocytes, analysis revealed the consistent presence of a subset 

expressing CD74, most likely a subset of B cells (Figure 2B). No expression was seen on 

mature granulocytes (Figure 2A, B). To confirm that exposure to chemotherapy was not 

impacting CD74 expression, we assessed CD34+ cells isolated from cord blood from healthy 

births and found similar levels of expression (Figure 2A, B). Additionally, assessment of 14 

normal bone marrows (B lymphoma staging or to rule out myeloid neoplasm) revealed 

comparable CD74 expression.  Expression was slightly decreased compared to regenerating 

marrow in all lineages except lymphocytes, though this did not reach significance (Figure 2A, 

B).  When the expression on normal myeloblasts was compared to other canonical myeloid 

antigens (CD38, CD13, CD33, CD117, and CD123), CD74 had the lowest level of expression of 

the antigens assayed, expressed just above autofluorescence (Figure 2C).  

Analysis of bone marrow in patients without evidence of hematopoietic malignancy 

revealed expression of CD74 lower than monocytes and only slightly above autofluorescence 

(Supplementary Figure 2A). To compare the level of expression on AML cells to normal cells 

within an AML patient, we analyzed several index cases randomly selected from Q4 (n=16). As 

noted above, AML patients were stained with FITC conjugated CD74 antibody, which has a 

lower intensity than the PE antibody used for the recovering and normal/resting bone marrows. 

As seen in non-leukemic patients, low levels of CD74 expression was identified on a subset of 

lymphocytes and monocytes in these cases, but not on normal mature myeloid (granulocytic) 

cells (Supplementary Figure 2B). However, quantification of expression revealed that CD74 

expression was significantly higher on the AML cells compared to all other normal cell lineages 

in the same sample for this subset of cases. This includes the monocytes, which are the highest 

expressors of CD74 in the normal bone marrows assessed (p<0.002 for all comparisons) 

(Figure 2D). 

 



CD74 Expression Level is Associated with Good Prognostic Markers but is Expressed on 

a Subset of High-Risk Patients 

Patients enrolled in AAML1031 with the highest levels of CD74 expression (Q4), as assessed 

with FITC conjugated antibody, had a higher median age, lower median WBC count, and lower 

peripheral blood blast counts compared to all other patients (Q1-Q3) (Figure 3A-C). Patients in 

Q4 had a higher rate of achieving CR. However, there was no difference in rate of MRD 

positivity post induction chemotherapy, either for the entire cohort, or a sub analysis of the 

treatment arms (Figure 3D, E). In a comparison of genetic risk factors, CD74 Q4 was 

associated with a lower frequency of inv(16) but an enrichment of CEBP-alpha mutations, 

t(8;21), and trisomy 8 (Figure 3F). 

We next assessed the protocol risk status, as outlined in the AAML1031 trial protocol.2 

Patients in CD74 Q4 were more likely to be allocated to low-risk status than patients in CD74 Q-

3 (Q4: low-risk: n=196, 82%, high-risk: 43, 18% vs. Q1-3: low-risk: 509, 72%, high-risk: 198, 

28%; p=0.02) (Figure 3G).  When risk factors for the more recent AAML1831 trial are 

retrospectively utilized,56  21 Q4 and 80 Q1-3 patients are moved to high-risk status, bringing 

the totals to 64 (26.3%) and 278 (38.1%) high-risk patients for CD74 Q4 and Q1-3 respectively 

(Figure 3G). Risk factors that differed in Q4 compared to Q1-3 were an increase in the 

prevalence of the favorable-risk markers CEBP-alpha and t(8;21), a decrease in favorable-risk 

factor inv(16), and a decrease in the frequency of high-risk factors CBFA2T3-GLIS2 fusions and 

RAM phenotype. (Figure 3H). A full characterization of clinical differences based on CD74 

quartile assignment can be found in Supplementary Table 2. 

 

High Levels of CD74 Expression is Associated with Lower Risk and Improved Outcome 

The clinical outcome for patients in CD74 Q4 was improved compared to Q1-3, by both overall 

and event free survival (Figure 4A). High levels of CD74 expression were associated with 

favorable risk in a univariable COX analysis (HR: 0.76, 95% CI 0.59-0.99, p=0.04). However, in 



a multivariable analysis incorporating other risk factors, CD74 lost significance (HR: 0.99), 

suggesting the association with other good risk factors drives the improved outcome in CD74 

Q4 patients (Supplementary Table 3). As mentioned previously, CD74 expression is 

associated with low-risk protocol status, so to determine if CD74 expression had any impact on 

outcome in risk-matched patients, we compared overall and event free survival of Q4 vs. Q1-3 

in low-risk and high-risk patients separately. Low-risk Q4 patients had an improved EFS but no 

difference in OS (Figure 4B), while in high-risk patients CD74 expression did not have a 

statistically significant impact on patient outcome (Supplementary Figure 3A). Given the 

previously published association with bortezomib efficacy, we assessed any impact of treatment 

arm on the outcome in CD74 expressing patients. A sub-analysis of each treatment arm showed 

no significant differences in outcome based on treatment with or without bortezomib among the 

CD74 expression quartiles (Supplementary Figure 3B, C). An analysis of just CD74 Q4 

showed bortezomib treatment had no impact on outcome in these patients demonstrating high 

levels of CD74 expression (Figure 4C). 

 

CD74 Treatment is Cytotoxic to CD74 Expressing AML Cells with Limited Impact on 

Normal Cells 

In our comparison of CD74 expression on normal hematopoietic cells to that of other myeloid 

antigens, we noted that CD74 was more dimly expressed on myeloid progenitors than other cell 

surface proteins utilized as targets for treatment (CD33 and CD123) (Figure 2C). Based on this, 

we hypothesized that utilizing CD74 as a therapeutic target may result in less hematopoietic 

toxicity than other targeted treatments. To determine the potential of CD74 as a target for 

therapy, we performed cytotoxicity studies on primary AML samples. Treatment with anti-CD74 

antibody drug conjugate (ADC) STRO-001 effectively killed AML cells expressing CD74, with 

IC50 values ranging from 14.07 to 17.4 nM, but had no impact on AMLs that did not express 

CD74, with IC50s from 5051 nM to not reached (Figure 5A). In contrast, even though they 



express CD74, CD34+ cells isolated from cord blood from healthy births were only minimally 

impacted by treatment with STRO-001, with much higher IC50s than CD74 expressing AML 

cells and only slightly decreased compared to treatment in the presence of excess blocking 

antibody (Figure 5B). To further assess the functional impact of anti-CD74 treatment on normal 

myeloid progenitors, we performed colony forming assays on CD74+/CD34+ cord blood cells. 

While the total number of colonies decreased after treatment with STRO-001 in absence of 

blocking antibody in all three specimens, it only reached significance in donor 3 (Figure 5C). In 

all three cases, the number of granulocyte colonies significantly decreased while the effect on 

the other colony types was variable (Supplementary Figure 4).  

 

Discussion: 

Herein, we report on the cell surface expression of CD74 on leukemia cells from pediatric 

patients with newly diagnosed AML enrolled on the Children’s Oncology Group (COG) 

AAML1031 study. This study employed standardized processing methods, as well as a 

difference from normal algorithm that has been extensively validated in previous COG AML 

trials,1, 2, 9, 52 providing a strong underlying foundation for the characterization of CD74 

expression in pediatric AML and its association with other clinical variables.  

In total, 38% of patients expressed CD74 at the level of detection of this study, and 

CD74 expression was associated with an immature phenotype and aberrant expression of 

lymphoid antigens. Since our studies found that CD74 was expressed at low levels on normal 

myeloid progenitor cells, we focused on the clinical features of patients with the highest levels of 

expression (Q4), a method previously published for analyzing clinical comparisons of cell 

surface antigen expression in pediatric AML.54, 55, 57 Comparison to normal bone marrow cells, 

both in the AML patients themselves and patients with normal bone marrow, revealed that in Q4 

patients, CD74 was significantly increased, indicating that it could be a possible target for 

treatment. Additionally, this increased expression raises the possibility that CD74 could be used 



in a difference from normal analysis of AML at diagnosis and/or in post-therapy MRD 

monitoring.  

In addition to older age at diagnosis and lower peripheral blood WBC and blast counts, 

patients in Q4 had higher rates of achieving CR, indicating that blast counts may decrease more 

rapidly in patients expressing high levels of CD74. However, there was no difference in MRD 

rates, meaning that a portion of patients in Q1-3 were MRD negative but not in CR. Given 

published reports that these patients have a prognosis similar to MRD negative patients in 

CR,52, 53 the clinical significance of this finding is unknown, but the association of CD74 high 

expression with blast clearance may be notable and worth investigation. 

We found that CD74 high expressing patients were enriched for favorable prognostic 

genetic markers and had improved overall and event free survival compared to all other 

patients. This was true using the AAML1031 risk stratification protocol as well as the updated 

AAML1831 definitions. While CD74 high expression is associated with good-prognostic genetic 

features and patients generally had improved outcomes compared to the remaining patients in 

the study, 5-year EFS remained just over 50%, meaning nearly half of patients still experienced 

adverse outcomes. Furthermore, patients with high levels of CD74 expression who were 

allocated to high-risk did no better than other high-risk patients. The significant number of 

patients with high levels of CD74 expression who experience poor outcomes suggests further 

studies regarding targeted therapy should be considered, particularly in a group such as CD74 

high-expressors allocated to high-risk status or who relapse. 

Previous work has demonstrated the potential of CD74 as a therapeutic target in 

hematologic malignancies, including ongoing Phase I trials evaluating STRO-001 in mature B 

cell malignancies.50 Anti-CD74 treatment with STRO-001 has displayed target dependent in 

vitro cytotoxicity against CD74 expressing AML cell lines and primary samples as well as in vivo 

growth inhibition of CD74 positive cells (both cell lines and PDX model) in NSG mice.51 In 

addition, we have confirmed the toxicity of STRO-001 to AML cells, but only when CD74 is 



expressed. Additionally, our in vitro experiments demonstrate that STRO-001 treatment has little 

impact on normal cells, with only granulocyte colonies consistently impacted in CFU assays and 

no significant difference from controls in cytotoxicity assays.  

The combined pre-clinical data, previously published as well as presented here, indicate 

that anti-CD74 therapy is effectively cytotoxic, but only towards cells expressing the highest 

levels of CD74, potentially including high CD74 expressing pediatric AMLs. Additional studies 

are required, including assessing toxicity in AML patients (preliminary data from phase 1 dose 

escalation trials in mature B cell malignancies has shown STRO-001 to be well tolerated)50 and 

determining what level of expression is required for efficacy. Our data indicate that in at least 

some patients, it may be possible to administer treatment at a dose toxic to AML cells with 

limited impact on normal hematopoiesis, suggesting continued investigation of this potential 

targeted treatment is warranted. Furthermore, the idea that molecules expressed at low levels 

on normal cells can be targets for treatment, provided expression on AML cells is significantly 

higher, could open the door for other treatment targets previously not pursued due to expression 

on normal cells. 

Most CD74 Q4 patients designated high-risk were allocated based on positive MRD 

post-induction cycle 1, as assessed by difference from normal flow cytometry. While major 

strides have been made in the identification of prognostically relevant genetic markers, both 

cytogenetic and molecular, there remains a significant fraction of patients for whom there is no 

prognostically informative genetic information. The prognostic relevance of MRD assessment by 

difference from normal flow cytometry at the end of first induction, combined with the ability to 

rapidly assess treatment response, highlights flow cytometry’s continued clinical importance in 

AML, particularly in patients lacking prognostically relevant genetic markers at diagnosis. 

 In addition to the prognostic and monitoring roles of flow cytometry, this study also 

highlights the importance of assessing cell surface expression of potential biomarkers when 

determining possible treatment targets. While RNA expression data is a useful tool for initial 



target identification,51 targeted treatments largely rely on binding to cell surface molecules to be 

efficacious. As a result, a lack of sufficient cell surface expression often precludes a molecule 

from being an effective target, even if it is expressed at the RNA level. Together with previous 

publications, this demonstrates a potential pathway for the identification of therapeutic targets: 

RNA sequencing, followed by assessment of cell surface expression, and finally pre-clinical 

testing. CD74 serves as an example of this pathway, as after its initial identification based on 

RNA sequencing, our studies presented here show it to be expressed to a greater degree on 

AML cells than normal cells in a subset of patients and demonstrate pre-clinical efficacy. 

Identifying patients with sufficient levels of expression is vital for effective use of targeted 

treatments, as has been shown previously for anti-CD33 therapy.5, 57, 58 While dividing patients 

by quartiles is useful for associating immunophenotypic features with clinical variables, it may 

not represent the ideal cut-off for treatment eligibility. Further research should be carried out to 

determine the appropriate threshold for clinical use based on the difference in toxicity between 

high expressing CD74 AML cells and normal progenitor cells. In this study, 38% of patients 

expressed CD74 on at least a portion of the leukemic blasts, however dim or partial expression 

may not be sufficient to render a leukemia susceptible to targeted treatment, particularly in the 

case of a marker such as CD74, which is expressed on normal cells. Furthermore, a threshold 

such as the top 25% of patients ignores the biological reality that the range of antigen 

expression, both positive/negative as well as the degree of positivity, varies significantly based 

on the antigen of interest. For this reason, further investigation should be carried out to 

determine a robust data-driven definition for classifying antigen expression based on flow 

cytometry. Additionally, work should be done to determine the optimal level of antigen 

expression required for effective targeted treatment, for both CD74 and other current or future 

targets. 

In summary, our data show that CD74 is expressed at some level on the cell surface of 

38% of pediatric AML cases, and in a subset is expressed at levels much higher than normal 



hematopoietic cells in both the AML patients themselves as well as healthy controls. The 

highest quartile of CD74 expression is associated with low risk genetic factors and improved 

EFS, but a meaningful number of high-risk patients do show significant levels of expression and 

nearly half of patients experience an adverse event within five years. Finally, our pre-clinical and 

clinical data demonstrates that CD74 may be a promising target for therapy and further research 

should be carried out to determine how and to whom it can be best implemented to help the 

patients who remain at high-risk. 

 

References 

1. Gamis AS, Alonzo TA, Meshinchi S, et al. Gemtuzumab ozogamicin in children and adolescents 

with de novo acute myeloid leukemia improves event-free survival by reducing relapse risk: results from 

the randomized phase III Children's Oncology Group trial AAML0531. J Clin Oncol. 2014;32(27):3021-

3032. 

2. Aplenc R, Meshinchi S, Sung L, et al. Bortezomib with standard chemotherapy for children with 

acute myeloid leukemia does not improve treatment outcomes: a report from the Children's Oncology 

Group. Haematologica. 2020;105(7):1879-1886. 

3. Elgarten CW, Wood AC, Li Y, et al. Outcomes of intensification of induction chemotherapy for 

children with high-risk acute myeloid leukemia: A report from the Children's Oncology Group. Pediatr 

Blood Cancer. 2021;68(12):e29281. 

4. Pollard JA, Alonzo TA, Gerbing R, et al. Sorafenib in Combination With Standard Chemotherapy 

for Children With High Allelic Ratio FLT3/ITD+ Acute Myeloid Leukemia: A Report From the Children's 

Oncology Group Protocol AAML1031. J Clin Oncol. 2022;40(18):2023-2035. 

5. Pollard JA, Loken M, Gerbing RB, et al. CD33 Expression and Its Association With Gemtuzumab 

Ozogamicin Response: Results From the Randomized Phase III Children's Oncology Group Trial 

AAML0531. J Clin Oncol. 2016;34(7):747-755. 

6. Waack K, Schneider M, Walter C, et al. Improved Outcome in Pediatric AML - the AML-BFM 2012 

Study. Blood. 2020;136(Supplement 1):12-14. 

7. Rasche M, Zimmermann M, Borschel L, et al. Successes and challenges in the treatment of 

pediatric acute myeloid leukemia: a retrospective analysis of the AML-BFM trials from 1987 to 2012. 

Leukemia. 2018;32(10):2167-2177. 

8. Pession A, Masetti R, Rizzari C, et al. Results of the AIEOP AML 2002/01 multicenter prospective 

trial for the treatment of children with acute myeloid leukemia. Blood. 2013;122(2):170-178. 

9. Eidenschink Brodersen L, Alonzo TA, Menssen AJ, et al. A recurrent immunophenotype at 

diagnosis independently identifies high-risk pediatric acute myeloid leukemia: a report from Children's 

Oncology Group. Leukemia. 2016;30(10):2077-2080. 

10. Lee DW, Kochenderfer JN, Stetler-Stevenson M, et al. T cells expressing CD19 chimeric antigen 

receptors for acute lymphoblastic leukaemia in children and young adults: a phase 1 dose-escalation 

trial. Lancet. 2015;385(9967):517-528. 

11. Park JH, Rivière I, Gonen M, et al. Long-Term Follow-up of CD19 CAR Therapy in Acute 

Lymphoblastic Leukemia. N Engl J Med. 2018;378(5):449-459. 



12. Neelapu SS, Locke FL, Bartlett NL, et al. Axicabtagene Ciloleucel CAR T-Cell Therapy in Refractory 

Large B-Cell Lymphoma. N Engl J Med. 2017;377(26):2531-2544. 

13. Schuster SJ, Bishop MR, Tam CS, et al. Tisagenlecleucel in Adult Relapsed or Refractory Diffuse 

Large B-Cell Lymphoma. N Engl J Med. 2019;380(1):45-56. 

14. Fry TJ, Shah NN, Orentas RJ, et al. CD22-targeted CAR T cells induce remission in B-ALL that is 

naive or resistant to CD19-targeted CAR immunotherapy. Nat Med. 2018;24(1):20-28. 

15. Press OW, Appelbaum F, Ledbetter JA, et al. Monoclonal antibody 1F5 (anti-CD20) serotherapy 

of human B cell lymphomas. Blood. 1987;69(2):584-591. 

16. Sievers EL, Appelbaum FR, Spielberger RT, et al. Selective ablation of acute myeloid leukemia 

using antibody-targeted chemotherapy: a phase I study of an anti-CD33 calicheamicin 

immunoconjugate. Blood. 1999;93(11):3678-3684. 

17. Arceci RJ, Sande J, Lange B, et al. Safety and efficacy of gemtuzumab ozogamicin in pediatric 

patients with advanced CD33+ acute myeloid leukemia. Blood. 2005;106(4):1183-1188. 

18. Pommert L, Tarlock K. The evolution of targeted therapy in pediatric AML: gemtuzumab 

ozogamicin, FLT3/IDH/BCL2 inhibitors, and other therapies. Hematology Am Soc Hematol Educ Program. 

2022;2022(1):603-610. 

19. Riether C, Pabst T, Höpner S, et al. Targeting CD70 with cusatuzumab eliminates acute myeloid 

leukemia stem cells in patients treated with hypomethylating agents. Nat Med. 2020;26(9):1459-1467. 

20. Espinoza-Gutarra MR, Green SD, Zeidner JF, Konig H. CD123-targeted therapy in acute myeloid 

leukemia. Expert Rev Hematol. 2021;14(6):561-576. 

21. Claesson L, Larhammar D, Rask L, Peterson PA. cDNA clone for the human invariant gamma 

chain of class II histocompatibility antigens and its implications for the protein structure. Proc Natl Acad 

Sci U S A. 1983;80(24):7395-7399. 

22. Strubin M, Mach B, Long EO. The complete sequence of the mRNA for the HLA-DR-associated 

invariant chain reveals a polypeptide with an unusual transmembrane polarity. EMBO J. 1984;3(4):869-

872. 

23. Becker-Herman S, Rozenberg M, Hillel-Karniel C, et al. CD74 is a regulator of hematopoietic stem 

cell maintenance. PLoS Biol. 2021;19(3):e3001121. 

24. Leng L, Metz CN, Fang Y, et al. MIF signal transduction initiated by binding to CD74. J Exp Med. 

2003;197(11):1467-1476. 

25. Lue H, Dewor M, Leng L, Bucala R, Bernhagen J. Activation of the JNK signalling pathway by 

macrophage migration inhibitory factor (MIF) and dependence on CXCR4 and CD74. Cell Signal. 

2011;23(1):135-144. 

26. Matza D, Lantner F, Bogoch Y, Flaishon L, Hershkoviz R, Shachar I. Invariant chain induces B cell 

maturation in a process that is independent of its chaperonic activity. Proc Natl Acad Sci U S A. 

2002;99(5):3018-3023. 

27. Matza D, Wolstein O, Dikstein R, Shachar I. Invariant chain induces B cell maturation by 

activating a TAF(II)105-NF-kappaB-dependent transcription program. J Biol Chem. 2001;276(29):27203-

27206. 

28. Naujokas MF, Morin M, Anderson MS, Peterson M, Miller J. The chondroitin sulfate form of 

invariant chain can enhance stimulation of T cell responses through interaction with CD44. Cell. 

1993;74(2):257-268. 

29. Shachar I, Flavell RA. Requirement for invariant chain in B cell maturation and function. Science. 

1996;274(5284):106-108. 

30. Starlets D, Gore Y, Binsky I, et al. Cell-surface CD74 initiates a signaling cascade leading to cell 

proliferation and survival. Blood. 2006;107(12):4807-4816. 

31. Tillmann S, Bernhagen J, Noels H. Arrest Functions of the MIF Ligand/Receptor Axes in 

Atherogenesis. Front Immunol. 2013;4:115. 



32. Attar EC, Johnson JL, Amrein PC, et al. Bortezomib added to daunorubicin and cytarabine during 

induction therapy and to intermediate-dose cytarabine for consolidation in patients with previously 

untreated acute myeloid leukemia age 60 to 75 years: CALGB (Alliance) study 10502. J Clin Oncol. 

2013;31(7):923-929. 

33. Binsky I, Haran M, Starlets D, et al. IL-8 secreted in a macrophage migration-inhibitory factor- 

and CD74-dependent manner regulates B cell chronic lymphocytic leukemia survival. Proc Natl Acad Sci 

U S A. 2007;104(33):13408-13413. 

34. Borghese F, Clanchy FI. CD74: an emerging opportunity as a therapeutic target in cancer and 

autoimmune disease. Expert Opin Ther Targets. 2011;15(3):237-251. 

35. Burton JD, Ely S, Reddy PK, et al. CD74 is expressed by multiple myeloma and is a promising 

target for therapy. Clin Cancer Res. 2004;10(19):6606-6611. 

36. Schröder B. The multifaceted roles of the invariant chain CD74--More than just a chaperone. 

Biochim Biophys Acta. 2016;1863(6 Pt A):1269-1281. 

37. Stein R, Mattes MJ, Cardillo TM, et al. CD74: a new candidate target for the immunotherapy of 

B-cell neoplasms. Clin Cancer Res. 2007;13(18 Pt 2):5556s-5563s. 

38. Stein R, Qu Z, Cardillo TM, et al. Antiproliferative activity of a humanized anti-CD74 monoclonal 

antibody, hLL1, on B-cell malignancies. Blood. 2004;104(12):3705-3711. 

39. Freisewinkel IM, Schenck K, Koch N. The segment of invariant chain that is critical for association 

with major histocompatibility complex class II molecules contains the sequence of a peptide eluted from 

class II polypeptides. Proc Natl Acad Sci U S A. 1993;90(20):9703-9706. 

40. Ghosh P, Amaya M, Mellins E, Wiley DC. The structure of an intermediate in class II MHC 

maturation: CLIP bound to HLA-DR3. Nature. 1995;378(6556):457-462. 

41. Attar EC, De Angelo DJ, Supko JG, et al. Phase I and pharmacokinetic study of bortezomib in 

combination with idarubicin and cytarabine in patients with acute myelogenous leukemia. Clin Cancer 

Res. 2008;14(5):1446-1454. 

42. Govindan SV, Cardillo TM, Sharkey RM, Tat F, Gold DV, Goldenberg DM. Milatuzumab-SN-38 

conjugates for the treatment of CD74+ cancers. Mol Cancer Ther. 2013;12(6):968-978. 

43. Gupta P, Goldenberg DM, Rossi EA, et al. Dual-targeting immunotherapy of lymphoma: potent 

cytotoxicity of anti-CD20/CD74 bispecific antibodies in mantle cell and other lymphomas. Blood. 

2012;119(16):3767-3778. 

44. Wurster KD, Costanza M, Kreher S, et al. Aberrant Expression of and Cell Death Induction by 

Engagement of the MHC-II Chaperone CD74 in Anaplastic Large Cell Lymphoma (ALCL). Cancers (Basel). 

2021;13(19):5012. 

45. Martin P, Furman RR, Rutherford S, et al. Phase I study of the anti-CD74 monoclonal antibody 

milatuzumab (hLL1) in patients with previously treated B-cell lymphomas. Leuk Lymphoma. 

2015;56(11):3065-3070. 

46. Zhao S, Molina A, Yu A, et al. High frequency of CD74 expression in lymphomas: implications for 

targeted therapy using a novel anti-CD74-drug conjugate. J Pathol Clin Res. 2019;5(1):12-24. 

47. Li X, Abrahams C, Embry M, et al. Targeting CD74 with Novel Antibody Drug Conjugates (ADCs) 

for the Treatment of B-Cell Non-Hodgkin's Lymphoma (NHL). Blood. 2016;128(22):464. 

48. Yu A, Abrahams C, Embry M, et al. High Frequency of CD74 Expression in B-Cell Non-Hodgkin's 

Lymphoma (NHL) and Targeting with SΤRO-001, a Novel Anti-CD74 Antibody Drug Conjugate (ADC) with 

Potent I n Vitro Cytotoxicty and In Vivo Anti-Tumor Activity. Blood. 2017;130(Supplement 1):573. 

49. Lancman G, Richter J, Chari A. Bispecifics, trispecifics, and other novel immune treatments in 

myeloma. Hematology Am Soc Hematol Educ Program. 2020;2020(1):264-271. 

50. Shah NN, Krishnan AY, Shah ND, et al. Preliminary Results of a Phase 1 Dose Escalation Study of 

the First-in-Class Anti-CD74 Antibody Drug Conjugate (ADC), STRO-001, in Patients with Advanced B-Cell 

Malignancies. Blood. 2019;134(Supplement_1):5329. 



51. Le QH, Tang T, Leonti AR, et al. Preclinical studies targeting CD74 with STRO-001 antibody-drug 

conjugate in acute leukemia. Blood Adv. 2023;7(9):1666-1670. 

52. Loken MR, Alonzo TA, Pardo L, et al. Residual disease detected by multidimensional flow 

cytometry signifies high relapse risk in patients with de novo acute myeloid leukemia: a report from 

Children's Oncology Group. Blood. 2012;120(8):1581-1588. 

53. Brodersen LE, Gerbing RB, Pardo ML, et al. Morphologic remission status is limited compared to 

DeltaN flow cytometry: a Children's Oncology Group AAML0531 report. Blood Adv. 2020;4(20):5050-

5061. 

54. Lamble AJ, Eidenschink Brodersen L, Alonzo TA, et al. CD123 Expression Is Associated With High-

Risk Disease Characteristics in Childhood Acute Myeloid Leukemia: A Report From the Children's 

Oncology Group. J Clin Oncol. 2022;40(3):252-261. 

55. Tarlock K, Alonzo TA, Loken MR, et al. Disease Characteristics and Prognostic Implications of 

Cell-Surface FLT3 Receptor (CD135) Expression in Pediatric Acute Myeloid Leukemia: A Report from the 

Children's Oncology Group. Clin Cancer Res. 2017;23(14):3649-3656. 

56. Cooper TM, Ries RE, Alonzo TA, et al. Revised Risk Stratification Criteria for Children with Newly 

Diagnosed Acute Myeloid Leukemia: A Report from the Children's Oncology Group. Blood. 

2017;130(Supplement 1):407. 

57. Pollard JA, Alonzo TA, Loken M, et al. Correlation of CD33 expression level with disease 

characteristics and response to gemtuzumab ozogamicin containing chemotherapy in childhood AML. 

Blood. 2012;119(16):3705-3711. 

58. Lamba JK, Chauhan L, Shin M, et al. CD33 Splicing Polymorphism Determines Gemtuzumab 

Ozogamicin Response in De Novo Acute Myeloid Leukemia: Report From Randomized Phase III 

Children's Oncology Group Trial AAML0531. J Clin Oncol. 2017;35(23):2674-2682. 

 
 
 
  



Figure Legends 

Figure 1. Flow cytometric assessment of CD74 on pediatric acute myeloid leukemia 
(AML) patients. A) Across a cohort of 973 pediatric AML patients CD74 expression showed a 
log normal distribution. The top quartile of patients is shown in blue. B) CD74 expression was 
similar to other antigens expressed on AML cells when assessed with the same fluorochrome. 
C) 38% of eligible patients expressed CD74 more than two standard deviations above the mean
autofluoresence of pediatric AMLs, with quartile 4 (blue) notably higher than the remaining
patients. D) Patients in CD74 quartile 4 had increased mean intensity of immature markers
CD34 and CD117 as well as HLA-DR and CD38. E) The number of patients in quartile 4
aberrantly expressing lymphoid markers was also increased compared to the rest of the cohort.
F) A representative specimen showing preserved expression of CD74 at relapse at levels
similar to diagnosis. (Unpaired T test (panel D) or Fisher’s exact test (panel E); ***: p≤0.001;
****: p≤0.0001).

Figure 2. Flow cytometric assessment of CD74 on normal heamtopoietic cells. A) Intensity 
of expression of CD74 on normal hematopoetic cells (blue, green, orange, grey) in normal 
regenerating bone marrow (n=20), cord blood CD34+ cells (n=3), or normal resting bone 
marrow specimens (n=14) B) Percentage of cells expressing CD74 above patient defined 
autofluoresence on normal hematopoetic cells (blue, green, orange, grey) in normal 
regenerating bone marrow (n=20), cord blood CD34+ cells (n=3), or normal resting bone 
marrow specimens (n=14) C) Comparison of intensity of canonoical myeloid antigens (CD38, 
CD13, CD33, CD117, and CD123) stained with PE antibody on normal myeloblasts (n=20 MRD 
negative pediatric bone marrows). D) Quantification of CD74 expression on AML blasts 
compared to normal cells from the same patients (n=16 pediatric AMLs).  

Figure 3. Clinical characteristics of CD74 Q4 vs. CD74 Q1-3 patients. The median age of 
diagnosis of AML (A), median white blood cell count (B), and peripheral blood blast count at 
diagnosis (C) in patients in the highest quartile of CD74 expression (Q4, blue), vs other patients 
(Q1-3, orange). Comparison of the rate of achieving a complete remission (CR) (D) and minimal 
residual disease (MRD) negative status (E) at end of induction cycle one. Comparison of risk 
associated cytogenetic abnormalities (F). The rate of assignment to high-risk status by both the 
definitions of the AAMl1031 study as well as the updated AAML1831 study (G) for Q4 and Q1-3, 
as well as a breakdown of the individual molecular risk factors utilized, in addition to 
cytogenetics and MRD, leading to the assignment (H). (Chi-squared test; *: p<0.05; **: p≤0.01; 
***: p≤0.001). 

Figure 4. Outcome analysis of CD74 Q4 vs. Q1-3. A) The overall and event free survival of 
high CD74 expressing patients (Q4, blue) compared to all other patients (Q1-3, orange). B) 
Overall and event free survival of low-risk patients assigned to either Q4 or Q1-3. C) Overall and 
event free survival of patients of patients in Q4 who were treated with Bortezomib (Arm B) or 
placebo (Arm A) in addition to standard chemotherapy. 

Figure 5. Treatment of AML and normal myeloid progenitor cells with anti-CD74 antibody 
drug conjugate STRO-001. A) Cytotoxicity data from AMLs expressing CD74 (AML1 and 2) or 
not expressing CD74 (AML3) treated with anti-CD74 ADC STRO-001 with (blue) or without (red) 
excessive CD74 blocking antibody (SP7219). Representative plots from three total experiments 
each. B) Cytotoxicity data from CD34+ cells isolated from cord blood from healthy births treated 



with STRO-001 with (blue) or without (red) excessive CD74 blocking antibody (SP7219). C) 
Colony forming unit assays of CD34+ cells isolated from cord blood of healthy births either 
treated with anti-CD74 (STRO-001), untreated control, treated with blocking antibody and anti-
CD74, or treated with blocking antibody only. Data is normalized to the total number of colonies 
in the untreated group. (BFU-E: burst forming unit-erythroid; CFU-GEMM: colony forming unit-
granulocyte, erythroid, macrophage, megakaryocyte progenitor cells; CFU-GM: colony forming 
unit granulocyte-macrophage; CFU-M: colony forming unit-macrophage, CFU-G: colony forming 
unit macrophage). 













Supplementary Methods: 

Patients and Treatment

AAML10311 was an open-label multicenter randomized trial for patients with previously 

untreated de novo acute myeloid leukemia (AML) aged 0 to 29.5 years. Patients with acute 

promyelocytic leukemia, juvenile myelomonocytic leukemia, bone marrow failure syndromes, or 

secondary AML were not eligible. Patients were randomly assigned at enrollment to either 

standard AML treatment of standard treatment with bortezomib. Patients with high allelic ratio 

(AR) FLT3-ITD were offered enrollment on a phase I sorafenib treatment arm,2 patients who 

declined enrollment in this arm or who enrolled while the arm was suspended received 

treatment according to initial randomization. The primary end point of the study was event free 

survival (EFS) from study entry, defined as time from study entry until death, refractory disease, 

or relapse of any type, whichever occurred first. 

Patients identified as ‘low-risk’ based on study protocol received four cycles of 

chemotherapy (with or without bortezomib) while ‘high-risk’ patients received three cycles (with 

or without bortezomib) followed by allogeneic donor hematopoietic cell transplantation (HCT). 

Risk group stratification for AAML1031 was performed using cytogenetic and molecular 

abnormalities at diagnosis and end-of-induction 1 (EOI1) MRD assessed by MDF as previously 

described.1 The high-risk group included patients with a high allelic ratio (>0.4) FLT3-ITD and/or 

high-risk cytogenetics as well as patients with non-informative cytogenetic and molecular 

abnormalities who were MRD positive at EOI1. Recent refinement of risk stratification ahead of 

the successor COG AAML1831 trial (NCT04293562) includes the addition of several high-risk 

markers identified based on unfavorable outcomes.3 A complete list of genetic markers used in 

risk stratification can be found in Supplementary Table 1.



CD74 Assessment 

CD74 immunophenotyping was performed using titered FITC or PE conjugated anti-CD74 

monoclonal antibody (ThermoFisher, clone: 5-329 with either fluorophore). Normal expression of 

CD74 came from bone marrows that were submitted for either: 1) MRD analysis with no 

detectable residual disease, 2) staging marrows from lymphoma patients, or 3) to rule out 

myeloid neoplasms. The conversion of CD74 MFI to molecules per cell (MPC) was performed 

using CD4 MFI on T cells as a reference, as previously described.4 

 

CFU Assays 

After the 250 cells were treated with STRO-001 or the control, they were mixed with 1 mL 

Methocult H4034 Optimum media (StemCell Technologies) supplemented with IL-6 (Shenandoah 

Biotechnology). 

 

In Vitro Cytotoxicity Assays 

Primary cells were used immediately after thawing or post 1 day in culture. Cells were cultured in 

200 µL per well of StemSpan SFEM II (StemCell Technologies) + 1% PenStrep (Gibco), and 50 

ng/mL SCF (StemCell), 50 ng/mL FLT3 Ligand (StemCell), 50 ng/mL TPO (StemCell), 20ng/mL 

IL6 (Shenandoah), and 10ng/mL IL3 (Shenandoah). Prior to STRO-001 treatment, blocking 

antibody (SP7219) was added (1 µM).  

 

Statistical Analysis 

OS was defined as the time from study entry to death from any cause or date of last follow-up in 

surviving patients. EFS was defined as the time from study entry until induction failure, relapse, 

or death. Complete remission (CR) was defined as a bone marrow aspirate containing <5% 

blasts by morphologic analysis and without evidence of extramedullary disease. The 



significance of predictor variables was tested with the log-rank test for OS and EFS. The Cox 

proportional hazards model was used to estimate hazard ratios for survival outcomes and 

univariable/ multivariable analysis. The Kruskal-Wallis test was used for comparison of 

continuous variables, and the chi-squared test was used to test for significance of observed 

differences in proportions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 1. Study Design for the AAML1031 Clincial Trial. 
 

 

 

 

 

 



Supplmentary Figure 2 A) Representative data from three cases demonstrating expression of

CD74 in normal regenerating bone marrow, stained with PE. The quadrants on the graphs 

represent the autofluorescence of the cell population shown. B) Three representative pediatric

AML patients from Q4 (high CD74 expression) comparing expression of CD74, stained with 

FITC, on AML cells compared to normal cells from the same patient. The quadrants on the 

graphs represent the autofluorescence of the cell population shown. 



 

Supplementary Figure 3. Additional Outcome Data. A) Overall and event free survival of 

high-risk patients stratified based on CD74 expression (Q4 vs. Q1-3). B) Outcomes for patients 

not treated with bortezomib (Arm A) stratified based on CD74 expression. C) Outcomes for 

patients treated with bortezomib (Arm B) in either CD74 Q4 or CD74 Q1-3. 

 



 
Supplementary Figure 4. Breakdown of individual colony types from colony forming unit 
assay. Each type of colony normalized to the total number of colonies in the untreated group 

(red) for that patient. 

 

 

Supplementary Table 1 (see excel file). Unfavorable and favorable prognostic markers for risk 
stratification on the AAML1031 and AAML1831 clinical trials. 

 

Supplementary Table 2 (see excel file). Disease characteristics of CD74 Q4 and Q1-3. Analysis was done 

for the cohort as a whole as well as a subanalysis of Q4 and Q1-3 by treatment arm. 

 

Supplementary Table 3 (see excel file). Cox univariable and multivariable regression analysis of CD74 
expression (Q4 vs. Q1-3) and other prognostic factors. 
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