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Abstract

Purpose—Anti-CD20 monoclonal antibody (mAb) therapies, including rituximab and 

obinutuzumab (GA101) are common treatments for follicular lymphoma (FL). In an effort to 

better understand the role of complement in mAb action, we recently performed germline SNP 

profiling on 142 FL patients and found rs3766404 genotype correlated with patient response to 

rituximab. To assess the role of three SNP-associated complement regulatory proteins (CFH, 

CFHR1 and CFHR3) in clinical response to anti-CD20 mAb, we studied two cohorts of patients 

treated with anti-CD20 mAb.

Experimental Design—Cohorts included the Iowa/Mayo Lymphoma SPORE observational 

cohort of subjects with a new diagnosis of FL treated with rituximab, and the GAUSS prospective 

randomized trial cohort of FL subjects randomized to receive single agent rituximab or 

obinutuzumab. Circulating protein expression was measured for CFH, CFHR1 and CFHR3 and 

correlated to clinical outcome.

Results—rs3766404 genotype correlated with expression of the related downstream genes 

CFHR1 and CFHR3. Loss of CFHR1 expression correlated with inferior patient outcome in the 

observational cohort, but not in the GAUSS cohort. Loss of CFHR3 correlated with superior event-

free survival in GAUSS subjects treated with obinutuzumab, but not rituximab.

Conclusions—We conclude that the relationship between complement regulatory proteins 

CFHR1 and CFHR3 and response to anti-CD20 mAb therapy varies based on the specific anti-

CD20 mAb used. We propose that CFHR3 is a candidate biomarker for obinutuzumab response. 

Further studies are needed to validate these findings and to better understand how complement 

pathways and complement regulatory proteins impact on the efficacy of anti-CD20 mAb therapy.

Introduction

Rituximab is an anti-CD20 monoclonal antibody (mAb) that has significantly increased the 

overall survival of patients with a variety of B cell malignancies, including follicular 

lymphoma (FL)(1, 2). Obinutuzumab (also known as GA101) is a second-generation anti-

CD20 mAb that has recently been approved by the FDA for treatment of chronic 

lymphocytic leukemia (CLL) and relapsed/refractory FL. The antigen specificity of 
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obinutuzumab is similar to that of rituximab, but obinutuzuimab and rituximab differ in a 

number of ways including the glycosylation of the Fc, how they cross-link CD20, and their 

ability to fix complement(3–7). FL is initially treated with a variety of approaches frequently 

including combinations of observation, radiation, chemotherapy, and anti-CD20 mAbs. 

Nevertheless, clinical response to these therapies is variable, and relapse and transformation 

are common. In order to improve upon current outcomes, we need a better understanding of 

biological mechanisms contributing to anti-CD20 mAb action and resistance.

Several mechanisms of anti-CD20 action for which the host immune system is important 

have been identified, including complement dependent cytotoxicity (CDC) and antibody 

dependent cellular cytotoxicity (ADCC)(8). However, the relative contribution of these 

mechanisms, and how they interact in vivo is unclear. For example, our lab has shown that 

while complement fixation by rituximab enhances CDC, it can also block ADCC in vitro(9). 

Further evidence that complement activity might be detrimental to rituximab efficacy is our 

observation that C1qA polymorphisms associated with lower C1q levels correlated with 

prolonged rituximab response in FL(10). Complement mediated immune responses are 

tightly regulated by a number of endogenously produced proteins including soluble 

components such as complement factor H (CFH) and its related family members 

CFHR1-5(11–13).

In an effort to better understand the role of complement in rituximab action, we recently 

performed SNP profiling on 142 samples obtained from an observational cohort developed 

by the Iowa/Mayo Lymphoma SPORE Molecular Epidemiology Resource (henceforth 

referred to as the “observational cohort”). This included untreated FL patients and those 

treated with rituximab to determine whether genetic variation influences patient 

outcome(14). A SNP (rs3766404) in the complement regulatory gene CFH was found to be 

significantly associated with event-free survival in rituximab-treated FL. Patients with the 

T/T genotype experienced a better outcome than those with T/C or C/C genotypes. 

Interestingly, rs3766404 genotype was irrelevant for survival of patients who received no 

therapy, suggesting genotype does not impact the natural history of the disease.

CFH SNP rs3766404 is located in intron 6 and does not have a known function. It is, 

however, frequently linked to a deletion of two downstream protein-coding genes, 

Complement Factor H-Related 3 (CFHR3) and 1 (CFHR1)(15). CFH itself is a negative 

regulator of complement activation, acting both to enhance Factor I-mediated degradation of 

the active complement component C3b, and also to prevent further C3b production by 

accelerating decay of the alternative pathway C3 convertase(16). Like CFH, CFHR3 and 

CFHR1 are also considered regulators of complement activation, though the precise 

mechanisms of regulation—and indeed, whether they have a positive or negative overall 

impact—are not yet clear(17–19). Because complement activation influences mAb therapy 

efficacy, it is possible that CFH, CFHR3, and CFHR1 could play a functional role in anti-

CD20 action. We therefore examined the relationship between rs3766404 and rituximab in 

the observational cohort. In addition, we evaluated this relationship in a second cohort of 

follicular lymphoma patients, namely those enrolled in the GAUSS clinical trial 

(NCT00576758) that compared rituximab to obinutuzumab, another anti-CD20 mAb 

approved by the FDA for treatment of B cell malignancies, including relapsed/refractory FL. 
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Analyses of FL samples from this prospective study are henceforth referred to as the 

“GAUSS cohort”. Obinutuzumab is less effective than rituximab at fixing complement, with 

almost no C1q bound with antibody concentrations as high as 10ug/ml(3). Thus, evaluating 

the role of CFH, CFHR3 and CFHR1 in response to both obinutuzumab and rituximab offers 

the opportunity to gain additional insight into the role of complement regulators in response 

to anti-CD20 therapy. Further, results could be applied to mAbs targeting other antigens.

Materials and Methods

UI/Mayo Lymphoma SPORE Molecular Epidemiology Resource (Observational Cohort)

All participants provided written informed consent in accordance with the Declaration of 

Helsinki and this study was approved by the Human Subjects Institutional Review Boards at 

Mayo Clinic (Rochester, MN) and the University of Iowa (Iowa City, IA). Full details of 

clinical inclusion criteria have been published previously(20). Additional relevant clinical 

details are included in Supplemental Table S1.

GAUSS clinical trial study populations (GAUSS cohort)

The GAUSS clinical trial was a randomized phase II clinical trial conducted by F. 

Hoffmann-LaRoche Ltd. in patients with relapsed CD20+ indolent B-cell non-Hodgkin 

lymphoma, 85% of which had relapsed FL(21). Only FL patients were included in the 

present study, and all subjects had received prior rituximab and had responded to therapy 

before relapsing. In the GAUSS trial, patients were given re-induction therapy with single 

agent rituximab (n=30) or obinutuzumab (n=31) weekly for 4 weeks, then single doses every 

2 months for 2 years. For more demographic information, see Supplemental Table S2.

SNP genotyping

Genotyping for rs3766404 was done using a restriction digest method whereby the SNP and 

surrounding sequence was PCR amplified using standard cycling conditions for Taq 

Polymerase (Invitrogen) with a 53°C annealing temperature (primers 5’-

TTGCATCTCCATAGCTTTTGACTTC-3’ and 5’-ACCATACTTCCACTGTGTCCA-3’), 

yielding a 397 bp PCR product. Following amplification, PCR products were digested 

overnight at 37°C with Hinf1, which only cuts if the C allele is present (160 bp and 237 bp). 

Digested products were run on an agarose gel to determine genotype. This method allows us 

to identify both homozygous and heterozygous individuals.

CFHR3/1 deletion PCR

Detections of homozygous CFHR3/1 deletion was performed using the following primer 

sets and conventional PCR conditions: CFHR1.F 5’-

CCCTCCCAAATGCAGGTCCACTG-3’, CFHR1.R 5’-

TTCAACATCCACTTGGACACA-3’, CFHR3.F 5’-CAGTTACATGTACGGAGAAA-3’, 

CFHR3.R 5’-ATAGGTCCGTTGGCAAAACA-3’. No product is amplified in samples with 

homozygous deletion of CFHR3 and CFHR1. As a template amplification control, beta-2 

microglobulin (B2M) was amplified in all samples using B2M.F 5’-

TTCATCCATCCGACATTGAA-3’ and B2M.R 5’-AGAGCTACCCAGCAGGAACA-3’.
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Western blotting

Serum samples were diluted 1:100 in PBS, and proteins were denatured under non-reducing 

conditions and separated using SDS-PAGE. CFH and CFHR1 expression was detected using 

anti-CFHR1 primary antibody (R&D Systems, #MAB4247, 1:1000), which cross reacts with 

both proteins. CFHR3 was detected using anti-CFHR3 antibody (Proteintech, #16583-1-AP, 

1:500). Blot images were quantified using ImageJ (National Institutes of Health), and band 

densities were normalized to a reference sample included on each gel that expressed all three 

proteins.

Statistical analysis

To investigate the associations between protein expression levels and genotype, the 

Wilcoxon rank sum test was utilized. Event-free survival (EFS) was defined as the time from 

diagnosis to disease progression, retreatment, or death due to any cause. Patients without an 

event were censored at time of last known follow-up. Cox proportional hazards models were 

used to estimate the effects of CFH, CFHR1, and CFHR3 on EFS for patients receiving 

Rituximab and those who did not. Estimated effects of predictors are reported as hazard 

ratios (HR) along with 95% confidence intervals. All statistical testing was two-sided and 

assessed for significance at the 5% level using SAS v9.4 (SAS Institute, Cary, NC).

Results

SNP rs3766404 positively correlates with germline deletion of CFHR1 in FL patients

Our group recently published SNP analysis of complement regulatory proteins using data 

from the UI/Mayo Lymphoma SPORE Molecular Epidemiology Resource. This study found 

that follicular lymphoma (FL) patients treated with rituximab showed differential response 

based on rs3766404 genotype (n=35, P<0.001)(14). Specifically, patients homozygous for 

the major T allele had fewer events, including progression or death, after antibody therapy 

than individuals carrying a C allele. Importantly, rs3766404 genotype did not correlate with 

event free survival (EFS) in patients not treated with rituximab (observed only), suggesting 

rs3766404 does not impact natural disease progression. EFS was defined in this study as the 

time from diagnosis to disease progression, re-treatment, or death due to any cause.

Given the strong correlation between SNP genotype and rituximab response in this cohort, 

we sought to understand whether rs3766404 was functionally contributing to rituximab 

efficacy. The polymorphism is located within intron 6 of Complement Factor H (CFH), and 

is thus not expected to impact the coding sequence of CFH itself. Furthermore, splice 

prediction algorithms did not predict alterations to CFH splice patterns based on SNP 

genotype(22, 23). Finally, we found that neither plasma levels of CFH protein nor CFH 

molecular weight significantly differed between T/T individuals and T/C or C/C individuals, 

suggesting protein levels are unaffected by genotype (Fig. 1A). This led us to conclude that 

CFH itself is not likely impacted by rs3766404 variation.

Kubista, et al. published a correlative study whereby the minor C allele is associated with 

downstream germline deletion of two CFH family members CFH Related 3 (CFHR3) and 

CFHR1(15). Further, deletion of CFHR3 and CFHR1 is associated with a number of 
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complement-mediated disorders(18, 24). To determine whether SNP genotype correlated 

with loss of CFHR3 and CFHR1 in FL samples from our observational cohort, PCR analysis 

of genomic DNA was performed (n=9). Individuals with C/C genotypes also lacked all 

copies of CFHR3 and CFHR1 (Fig. 1B). Heterozygous individuals could not be 

distinguished from homozygous T/T individuals using this approach. Thus, western blot 

analysis of CFHR3 and CFHR1 proteins in patient plasma was performed and protein levels 

were quantified (n=109) (Fig 1C). This data confirmed that individuals with the T/T 

genotype had significantly higher CFHR1 protein expression compared to patients with 1 or 

2 minor alleles (p<0.01). No such significance was evidenced for CFH (p=0.54) or CFHR3 

(p=0.52) protein expression and rs3766404 genotype (Table 1). This suggests rs3766404 

may serve as a marker for germline deletion of CFHR1, but cannot be used to predict CFH 

or CFHR3 expression status.

Serum CFHR1 correlates with rituximab outcome in FL patients in the observational cohort

We next evaluated whether pre-therapy CFHR1 or CFHR3 protein levels correlated with 

clinical outcome in the observational cohort to investigate the associations between protein 

levels and event-free survival (EFS) (Table 2). Among FL subjects treated with rituximab as 

a component of therapy, increased levels of CFHR1 were associated with improved EFS. 

Specifically, for each 1 unit increase in CFHR1 the risk of an event decreased by a factor of 

0.23 (95% CI 0.08–0.67) (p<0.01). For those who did not receive rituximab, CFHR1 did not 

have a significant effect on EFS. The correlation between CFHR1 and EFS was significantly 

different between subjects who did and did not receive rituximab (p<0.01). A trend towards 

significance between EFS and both CFH and CFHR3 expression was among patients who 

received rituximab (p=0.07 and p=0.05, respectively), with increased expression associated 

with a decline in risk. Given the biologic significance of CFHR1 in complement-mediated 

disorders and the role complement plays in rituximab action, our data suggest that CFHR1 

might directly impact rituximab efficacy and could be therapeutically relevant.

The subjects included in the observational cohort were treated with a variety of regimens 

including a combination of rituximab and chemotherapy, and there was variability in use of 

maintenance rituximab. Evaluation of response or relapse was done at the discretion of the 

treating physician and not based on a rigorous prospective protocol. Therefore, data is 

limited with respect to overall response rate or duration. In addition, there was no 

randomization that could be used for comparison. Thus, we sought to confirm the 

observation that higher CFHR1 levels are associated with superior outcomes in an 

additional, independent clinical cohort.

Serum CFHR1 does not correlate with rituximab outcome in FL patient in the GAUSS 
cohort

Samples from the Roche GAUSS clinical trial which compared the efficacy of single-agent 

rituximab to single-agent obinutuzumab were also analyzed for CFH, CFHR1, and CFHR3 

expression status(25). Obinutuzumab differs from rituximab in a number of ways. Unlike 

rituximab, obinutuzumab causes direct cell killing and enhances ADCC to a greater extent, 

but it does not induce complement activation as efficiently. The GAUSS trial was a 

randomized phase II study conducted primarily in Europe in patients with relapsed CD20+ 
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indolent B-cell non-Hodgkin lymphoma, 85% of which had relapsed FL(21). All subjects 

had received prior rituximab and had responded to therapy before relapsing. In the GAUSS 

trial, FL patients were given re-induction therapy with single agent rituximab (n=63) or 

obinutuzumab (n=51) weekly for 4 weeks, then single doses every 2 months for 2 years. 

Response and progression free survival (PFS) were monitored rigorously and regularly in 

this controlled prospective trial. As recently reported, preliminary results show improved 

overall response rate in FL patients treated with obinutuzumab compared to rituximab(21).

Pre-therapy serum and germline DNA (when available) from FL subjects enrolled in the 

GAUSS study were blindly evaluated for rs3766404 genotype and CFH, CFHR1, and 

CFHR3 expression. As observed in the observational cohort, the GAUSS cohort data 

demonstrated that the rs3766404 C allele correlated with a decrease in serum expression of 

CFHR1, while CFH protein levels remained similar regardless of SNP genotype 

(Supplemental Fig. S1).

In contrast to results from the observational cohort, we did not observe an association 

between SNP genotype and EFS in FL patients treated with rituximab in the GAUSS cohort 

(Fig. 2A). Similarly, the C allele did not correlate with inferior EFS in patients alternately 

treated with obinutuzumab (Fig. 2B). SNP genotype did not correlate with PFS in either 

rituximab or obinutuzumab treatment arms (Supplemental Fig. S2). Separate analysis was 

done for FL subjects defined as responders or non-responders on the GAUSS trial(21). No 

differences were identified in response based on SNP genotype for either rituximab- or 

obinutuzumab-treated subjects (Supplemental Table S3).

We also did not observe a significant difference in EFS between FL patients treated with 

either rituximab or obinutuzumab based on protein expression of CFHR1. In fact, serum 

protein status, alone or in combination, was not predictive of response to either therapy 

(Supplemental Fig. S3). Thus, CFH and CFHR1 protein levels were not significantly 

correlated with either EFS (Table 3) or PFS (Supplemental Table S4) of FL patients in either 

rituximab or obinutuzumab treatment arms from the GAUSS study. This is in contrast to the 

observational cohort described above.

Higher serum CFHR3 levels correlated with inferior outcome in patients given 
obinutuzumab

As noted above, CFHR3 protein expression levels were also measured in both patient 

populations. For patients in both the observational and GAUSS cohorts, CFHR3 was not 

predictive of rituximab EFS. However, CFHR3 expression significantly correlated with both 

EFS (Table 3, P=0.0044) and PFS (Supplemental Table S4, P=0.0045) in obinutuzumab-

treated (n=51). CFHR3 serum levels also correlated with the FLIPI index scores of these 

subjects (Supplemental Table S5, P=0.0101), suggesting that lower CFHR3 serum levels 

may serve as a positive prognostic biomarker for, or even basis for therapeutic enhancement 

of, obinutuzumab treatment success. Further validation is required to confirm this, and it 

would be important to include CFHR3 serum measurements in future clinical trials using 

obinutuzumab.
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Discussion

Complement directly impacts a multitude of processes involved in cancer including 

angiogenesis, tumor cell signaling and survival, extracellular matrix remodeling and 

metastasis, and cellular composition of the tumor microenvironment(26). While it is clear 

that complement is active in a variety of cancers, the role of complement in cancer is 

complex and is associated with both pro- and anti-cancer effects(27, 28). In patients treated 

with mAb therapy, complement can enhance tumor cell killing through direct CDC 

mechanisms, but might do so at the expense of other tumor killing mechanisms, such as 

ADCC(29–31).

The anti-CD20 antibodies studied here, rituximab and obinutuzumab, differ in their abilities 

to kill tumor cells directly, fix complement, and enhance ADCC. For example, rituximab has 

modest direct tumor killing, but efficiently fixes complement and can enhance ADCC. 

Because obinutuzumab does not fix complement as efficiently as rituximab, its ADCC-

promoting activity is also less inhibited by complement activation(3, 5, 7, 30). 

Obinutuzumab also produces more direct tumor cell killing than rituximab and has been 

engineered to have greater FcγR affinity so that obinutuzumab is more efficient at inducing 

ADCC and FcγR-mediated phagocytosis(6, 7). This led us to hypothesize that natural 

variation in complement and complement regulatory proteins could impact the efficacy of 

both anti-CD20 antibodies in potentially distinct ways.

Our prior studies of complement regulatory genetic loci identified a number of SNPs that 

differentially associated with event-free survival (EFS) in FL patients treated with rituximab, 

including rs3766404(14). In the present study, we found that the minor rs3766404 allele is 

associated with loss of CFHR1 expression in both the observational and GAUSS study 

populations (Figures 1 and S1). Further, loss of CFHR1 protein expression correlated with 

inferior EFS in rituximab-treated patients from the observational cohort. Interestingly, 

CFHR1 expression did not correlate with EFS in FL patients who were not treated with 

rituximab, nor does SNP allele frequency differ between treated, observed or the normal 

population groups. This indicates that CFHR1 may impact rituximab action itself, rather 

than affecting overall FL incidence or aggressiveness.

The association of CFHR1 with EFS was not observed in rituximab-treated (or 

obinutuzumab-treated) patients from the prospective GAUSS cohort. Differences between 

the subject cohorts might explain these contradictory outcomes (data summarized in Table 

4). Subjects included in the GAUSS study had relapsed following rituximab or were 

refractory to rituximab therapy, while those in the observational cohort were previously 

untreated. Thus, CFHR1 could be important in initial response to anti-CD20 mAb therapy, 

but not to response at the time of retreatment after relapse or resistance. In addition, the 

GAUSS study involved subjects treated with single agent anti-CD20, while the subjects from 

the observational cohort were treated less uniformly with most receiving rituximab in 

combination with chemotherapy. This difference could indicate that CFHR1 influences 

response to the combination of mAb therapy and chemotherapy, but does not contribute to 

response when anti-CD20 mAb is administered alone. Both study cohorts are relatively 

small (63 and 37 rituximab-treated subjects with protein expression data available in the 
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GAUSS and UI/Mayo studies, respectively), making it more difficult to draw conclusions 

that might impact treatment approaches in the clinic.

The role of CFHR1 itself in complement regulation is somewhat disputed, with one study 

defining it as a negative regulator of terminal complex formation and others finding no effect 

on complement activation(19, 32–34). Importantly, one group showed no impact of CFHR1 

on rituximab-induced complement activation(35). This supports our finding that CFHR1 

does not associate with differential outcome in patients treated with obinutuzumab, but may 

associate with rituximab outcome as observed in the observational cohort. There is some 

evidence to suggest that macrophages and neutrophils are a major effector population in 

rituximab-treated follicular lymphoma(36, 37). A recent study shows that CFHR1 can 

activate neutrophils through direct interaction with complement receptor 3 (CD11b/CD18), 

also expressed on macrophages(38). Based on this, it is possible that CFHR1 could have 

long-term advantages on induction of adaptive immune responses to rituximab-treated 

tumors by enhancing antigen uptake and presentation. This could explain why we observed a 

therapeutic advantage in rituximab-treated patients expressing higher levels of CFHR1 in the 

observational cohort (follow-up time 13 years) but not in the GAUSS cohort (follow-up <2 

years). Perhaps a more durable immune response is generated in patients expressing more 

CFHR1, but that the GAUSS data have not matured long enough to see a significant 

difference in correlation with EFS. More time is needed to adequately assess this in the 

GAUSS cohort.

CFHR3 expression was associated with EFS of FL patients treated with obinutuzumab in the 

GAUSS study, with higher protein levels correlating with inferior therapeutic response. This 

was observed despite the relatively short follow-up time in this study, and suggests CFHR3 

is a strong candidate biomarker to predict patient response to obinutuzumab. Further 

validation is required to confirm this and including CFHR3 serum protein measurements in 

future clinical trials using obinutuzumab will be necessary.

How CFHR3 might impact obinutuzumab action is not immediately clear. CFHR3 biology 

remains understudied, and published literature suggests that CFHR3 negatively regulates 

complement activation early in the complement cascade in a manner that is redundant with 

CFH(18). If this were important for obinutuzumab efficacy, we might have expected CFH 

levels to correlate with obinutuzumab therapeutic success, but they did not. Further, 

obinutuzumab does not activate complement as strongly as rituximab(21). We previously 

demonstrated that activated complement inhibits rituximab-induced NK cell activation, but 

not obinutuzumab-induced NK activation(9, 29, 30). Thus, mechanistic differences in 

rituximab and obinutuzumab actions might explain why CFHR3 was differentially 

associated with EFS (i.e. only associated with obinutuzumab treatment failure).

Indeed, the roles of the CFHR proteins are highly complex and often overlapping. 

Population studies have produced conflicting data whereby loss of CFHR1 and CFHR3 is 

linked with both susceptibility to (autoimmune aHUS(17, 39, 40)) and protection from 

(AMD(18, 41), IgA nephropathy(42, 43)) complement-mediated pathologies. Further adding 

to their complexity is the new understanding that some CFHR proteins (CFHR1, CFHR2, 

and CFHR5) actually exist as homo- and hetero-dimers in serum, and that the relative 
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abundance of CFHR1 protein in serum can alter dimer abundance, skewing functional output 

in ways we do not yet understand(33). It may be informative to assess the expression of the 

remaining CFHR family members (CFHR2, CFHR4 and CFHR5) in a similar manner to the 

data we presented here, since alterations in this genetic locus frequently involve many family 

members(44). Indeed, Harris et al. have proposed the use of complotyping, a method that 

incorporates genetic variation across the entire complement system, for predicting disease 

risk(45, 46). While the effects of individual components, such as CFHR1 and CFHR3, might 

have small influence on anti-CD20 therapy, the combined effects of a panel of complement 

components together could give a much clearer picture of anti-CD20 therapeutic success that 

assessing any one component alone.

It might also be informative to study the effects of CFHR1 and CFHR3 on rituximab and 

obinutuzumab outcome in other B cell malignancies. Research from our laboratory and 

others suggests the mechanism of action of either anti-CD20 mAb likely differs depending 

on the tumor microenvironment, with circulating and solid tumors showing different 

susceptibilities to complement dependent lysis or ADCC(9, 47). Thus, the impact 

complement regulators could vary based on the type of B cell malignancy being studied. In 

addition these studies might lend insight into the basic biological functions of CFHR3 and 

CFHR1.

We conclude that the role complement plays in determining response to anti-CD20 mAb 

therapy remains complex. This is particularly true for the CFH family of complement 

regulatory proteins that have both activating and inhibitory effects at various points in the 

complement cascade. However, we identified CFHR3 as a candidate biomarker for 

obinutuzumab treatment success in FL patients. Additional population-based studies, such as 

that presented here, and laboratory-based studies exploring complement pathways and 

mechanisms of action, are needed if we are to truly understand the role complement plays in 

the efficacy of anti-CD20, and other mAb-based therapies, and use this information to 

develop better mAbs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Authors would like to acknowledge the University of Iowa/Mayo Clinic Lymphoma SPORE (P50 CA97274) and 
the SPORE Molecular Epidemiology Resource. We also thank Christian Klein for his help in successfully 
establishing our collaboration with F. Hoffmann-LaRoche.

References

1. Marcus R, Imrie K, Solal-Celigny P, Catalano JV, Dmoszynska A, Raposo JC, et al. Phase III study 
of R-CVP compared with cyclophosphamide, vincristine, and prednisone alone in patients with 
previously untreated advanced follicular lymphoma. Journal of clinical oncology : official journal of 
the American Society of Clinical Oncology. 2008; 26:4579–4586. [PubMed: 18662969] 

2. van Oers MH, Klasa R, Marcus RE, Wolf M, Kimby E, Gascoyne RD, et al. Rituximab maintenance 
improves clinical outcome of relapsed/resistant follicular non-Hodgkin lymphoma in patients both 

Rogers et al. Page 9

Clin Cancer Res. Author manuscript; available in PMC 2018 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with and without rituximab during induction: results of a prospective randomized phase 3 intergroup 
trial. Blood. 2006; 108:3295–3301. [PubMed: 16873669] 

3. Kern DJ, James BR, Blackwell S, Gassner C, Klein C, Weiner GJ. GA101 induces NK-cell 
activation and antibody-dependent cellular cytotoxicity more effectively than rituximab when 
complement is present. Leukemia & lymphoma. 2013

4. Robak T. GA-101, a third-generation, humanized and glyco-engineered anti-CD20 mAb for the 
treatment of B-cell lymphoid malignancies. Current opinion in investigational drugs. 2009; 10:588–
596. [PubMed: 19513948] 

5. Mossner E, Brunker P, Moser S, Puntener U, Schmidt C, Herter S, et al. Increasing the efficacy of 
CD20 antibody therapy through the engineering of a new type II anti-CD20 antibody with enhanced 
direct and immune effector cell-mediated B-cell cytotoxicity. Blood. 2010; 115:4393–4402. 
[PubMed: 20194898] 

6. Golay J, Da Roit F, Bologna L, Ferrara C, Leusen JH, Rambaldi A, et al. Glycoengineered CD20 
antibody obinutuzumab activates neutrophils and mediates phagocytosis through CD16B more 
efficiently than rituximab. Blood. 2013; 122:3482–3491. [PubMed: 24106207] 

7. Bologna L, Gotti E, Manganini M, Rambaldi A, Intermesoli T, Introna M, et al. Mechanism of 
action of type II, glycoengineered, anti-CD20 monoclonal antibody GA101 in B-chronic 
lymphocytic leukemia whole blood assays in comparison with rituximab and alemtuzumab. Journal 
of immunology. 2011; 186:3762–3769.

8. Weiner GJ. Rituximab: mechanism of action. Seminars in hematology. 2010; 47:115–123. [PubMed: 
20350658] 

9. Wang SY, Veeramani S, Racila E, Cagley J, Fritzinger DC, Vogel CW, et al. Depletion of the C3 
component of complement enhances the ability of rituximab-coated target cells to activate human 
NK cells and improves the efficacy of monoclonal antibody therapy in an in vivo model. Blood. 
2009; 114:5322–5330. [PubMed: 19805620] 

10. Racila E, Link BK, Weng WK, Witzig TE, Ansell S, Maurer MJ, et al. A polymorphism in the 
complement component C1qA correlates with prolonged response following rituximab therapy of 
follicular lymphoma. Clinical cancer research : an official journal of the American Association for 
Cancer Research. 2008; 14:6697–6703. [PubMed: 18927313] 

11. Jozsi M, Zipfel PF. Factor H family proteins and human diseases. Trends in immunology. 2008; 
29:380–387. [PubMed: 18602340] 

12. Bajic G, Degn SE, Thiel S, Andersen GR. Complement activation, regulation, and molecular basis 
for complement-related diseases. The EMBO journal. 2015; 34:2735–2757. [PubMed: 26489954] 

13. Abarrategui-Garrido C, Martinez-Barricarte R, Lopez-Trascasa M, de Cordoba SR, Sanchez-Corral 
P. Characterization of complement factor H-related (CFHR) proteins in plasma reveals novel 
genetic variations of CFHR1 associated with atypical hemolytic uremic syndrome. Blood. 2009; 
114:4261–4271. [PubMed: 19745068] 

14. Charbonneau B, Maurer MJ, Fredericksen ZS, Zent CS, Link BK, Novak AJ, et al. Germline 
variation in complement genes and event-free survival in follicular and diffuse large B-cell 
lymphoma. American journal of hematology. 2012; 87:880–885. [PubMed: 22718493] 

15. Kubista KE, Tosakulwong N, Wu Y, Ryu E, Roeder JL, Hecker LA, et al. Copy number variation in 
the complement factor H-related genes and age-related macular degeneration. Molecular vision. 
2011; 17:2080–2092. [PubMed: 21850184] 

16. Ferreira VP, Pangburn MK, Cortes C. Complement control protein factor H: the good, the bad, the 
inadequate. Molecular immunology. 2010; 47:2187–2197. [PubMed: 20580090] 

17. Skerka C, Zipfel PF. Complement factor H related proteins in immune diseases. Vaccine. 2008; 
26(Suppl 8):I9–I14. [PubMed: 19388158] 

18. Fritsche LG, Lauer N, Hartmann A, Stippa S, Keilhauer CN, Oppermann M, et al. An imbalance of 
human complement regulatory proteins CFHR1, CFHR3 and factor H influences risk for age-
related macular degeneration (AMD). Human molecular genetics. 2010; 19:4694–4704. [PubMed: 
20843825] 

19. Heinen S, Hartmann A, Lauer N, Wiehl U, Dahse HM, Schirmer S, et al. Factor H-related protein 1 
(CFHR-1) inhibits complement C5 convertase activity and terminal complex formation. Blood. 
2009; 114:2439–2447. [PubMed: 19528535] 

Rogers et al. Page 10

Clin Cancer Res. Author manuscript; available in PMC 2018 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



20. Nowakowski GS, Maurer MJ, Habermann TM, Ansell SM, Macon WR, Ristow KM, et al. Statin 
use and prognosis in patients with diffuse large B-cell lymphoma and follicular lymphoma in the 
rituximab era. Journal of clinical oncology : official journal of the American Society of Clinical 
Oncology. 2010; 28:412–417. [PubMed: 20008638] 

21. Sehn LH, Goy A, Offner FC, Martinelli G, Caballero MD, Gadeberg O, et al. Randomized Phase II 
Trial Comparing Obinutuzumab (GA101) With Rituximab in Patients With Relapsed CD20+ 
Indolent B-Cell Non-Hodgkin Lymphoma: Final Analysis of the GAUSS Study. Journal of clinical 
oncology : official journal of the American Society of Clinical Oncology. 2015; 33:3467–3474. 
[PubMed: 26282650] 

22. Desmet FO, Hamroun D, Lalande M, Collod-Beroud G, Claustres M, Beroud C. Human Splicing 
Finder: an online bioinformatics tool to predict splicing signals. Nucleic acids research. 2009; 
37:e67. [PubMed: 19339519] 

23. Burge C, Karlin S. Prediction of complete gene structures in human genomic DNA. Journal of 
molecular biology. 1997; 268:78–94. [PubMed: 9149143] 

24. Zipfel PF, Edey M, Heinen S, Jozsi M, Richter H, Misselwitz J, et al. Deletion of complement 
factor H-related genes CFHR1 and CFHR3 is associated with atypical hemolytic uremic 
syndrome. PLoS genetics. 2007; 3:e41. [PubMed: 17367211] 

25. Sehn, LH., Goy, A., Offner, FC., Marinelli, G., Friedberg, J., Lasserre, SF., et al. Randomized 
Phase II Trial Comparing GA101 (Obinutuzumab) with Rituximab in Patients with Relapsed 
CD20+ Indolent B-Cell Non-Hodgkin Lymphoma: Preliminary Analysis of the GAUSS Study. 
53rd ASH Annual Meeting and Exposition; San Diego, CA. 2011. Abstract 269

26. Pio R, Corrales L, Lambris JD. The role of complement in tumor growth. Advances in 
experimental medicine and biology. 2014; 772:229–262. [PubMed: 24272362] 

27. Corrales L, Ajona D, Rafail S, Lasarte JJ, Riezu-Boj JI, Lambris JD, et al. Anaphylatoxin C5a 
creates a favorable microenvironment for lung cancer progression. Journal of immunology. 2012; 
189:4674–4683.

28. Bouwens TA, Trouw LA, Veerhuis R, Dirven CM, Lamfers ML, Al-Khawaja H. Complement 
activation in Glioblastoma multiforme pathophysiology: evidence from serum levels and presence 
of complement activation products in tumor tissue. Journal of neuroimmunology. 2015; 278:271–
276. [PubMed: 25468776] 

29. Kern DJ, James BR, Blackwell S, Gassner C, Klein C, Weiner GJ. GA101 induces NK-cell 
activation and antibody-dependent cellular cytotoxicity more effectively than rituximab when 
complement is present. Leukemia & lymphoma. 2013; 54:2500–2505. [PubMed: 23452151] 

30. Wang SY, Racila E, Taylor RP, Weiner GJ. NK-cell activation and antibody-dependent cellular 
cytotoxicity induced by rituximab-coated target cells is inhibited by the C3b component of 
complement. Blood. 2008; 111:1456–1463. [PubMed: 18024795] 

31. Boross P, Leusen JH. Mechanisms of action of CD20 antibodies. American journal of cancer 
research. 2012; 2:676–690. [PubMed: 23226614] 

32. Strobel S, Abarrategui-Garrido C, Fariza-Requejo E, Seeberger H, Sanchez-Corral P, Jozsi M. 
Factor H-related protein 1 neutralizes anti-factor H autoantibodies in autoimmune hemolytic 
uremic syndrome. Kidney international. 2011; 80:397–404. [PubMed: 21677636] 

33. Goicoechea de Jorge E, Caesar JJ, Malik TH, Patel M, Colledge M, Johnson S, et al. Dimerization 
of complement factor H-related proteins modulates complement activation in vivo. Proceedings of 
the National Academy of Sciences of the United States of America. 2013; 110:4685–4690. 
[PubMed: 23487775] 

34. Jozsi M, Tortajada A, Uzonyi B, Goicoechea de Jorge E, Rodriguez de Cordoba S. Factor H-related 
proteins determine complement-activating surfaces. Trends in immunology. 2015; 36:374–384. 
[PubMed: 25979655] 

35. Meszaros T, Csincsi AI, Uzonyi B, Hebecker M, Fulop TG, Erdei A, et al. Factor H inhibits 
complement activation induced by liposomal and micellar drugs and the therapeutic antibody 
rituximab in vitro. Nanomedicine : nanotechnology, biology, and medicine. 2015

36. Hernandez-Ilizaliturri FJ, Jupudy V, Ostberg J, Oflazoglu E, Huberman A, Repasky E, et al. 
Neutrophils contribute to the biological antitumor activity of rituximab in a non-Hodgkin's 
lymphoma severe combined immunodeficiency mouse model. Clinical cancer research : an official 

Rogers et al. Page 11

Clin Cancer Res. Author manuscript; available in PMC 2018 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



journal of the American Association for Cancer Research. 2003; 9:5866–5873. [PubMed: 
14676108] 

37. Biburger M, Aschermann S, Schwab I, Lux A, Albert H, Danzer H, et al. Monocyte subsets 
responsible for immunoglobulin G-dependent effector functions in vivo. Immunity. 2011; 35:932–
944. [PubMed: 22169040] 

38. Losse J, Zipfel PF, Jozsi M. Factor H and factor H-related protein 1 bind to human neutrophils via 
complement receptor 3, mediate attachment to Candida albicans, and enhance neutrophil 
antimicrobial activity. Journal of immunology. 2010; 184:912–921.

39. Zipfel PF, Mache C, Muller D, Licht C, Wigger M, Skerka C, et al. DEAP-HUS: deficiency of 
CFHR plasma proteins and autoantibody-positive form of hemolytic uremic syndrome. Pediatric 
nephrology. 2010; 25:2009–2019. [PubMed: 20157737] 

40. Jozsi M, Licht C, Strobel S, Zipfel SL, Richter H, Heinen S, et al. Factor H autoantibodies in 
atypical hemolytic uremic syndrome correlate with CFHR1/CFHR3 deficiency. Blood. 2008; 
111:1512–1514. [PubMed: 18006700] 

41. Martinez-Barricarte R, Recalde S, Fernandez-Robredo P, Millan I, Olavarrieta L, Vinuela A, et al. 
Relevance of complement factor H-related 1 (CFHR1) genotypes in age-related macular 
degeneration. Investigative ophthalmology & visual science. 2012; 53:1087–1094. [PubMed: 
22247456] 

42. Zhu L, Zhai YL, Wang FM, Hou P, Lv JC, Xu DM, et al. Variants in Complement Factor H and 
Complement Factor H-Related Protein Genes, CFHR3 and CFHR1, Affect Complement 
Activation in IgA Nephropathy. Journal of the American Society of Nephrology : JASN. 2015; 
26:1195–1204. [PubMed: 25205734] 

43. Gharavi AG, Kiryluk K, Choi M, Li Y, Hou P, Xie J, et al. Genome-wide association study 
identifies susceptibility loci for IgA nephropathy. Nature genetics. 2011; 43:321–327. [PubMed: 
21399633] 

44. de Cordoba SR. Complement genetics and susceptibility to inflammatory disease. Lessons from 
genotype-phenotype correlations. Immunobiology. 2016; 221:709–714. [PubMed: 26004345] 

45. Harris CL, Heurich M, Rodriguez de Cordoba S, Morgan BP. The complotype: dictating risk for 
inflammation and infection. Trends in immunology. 2012; 33:513–521. [PubMed: 22749446] 

46. de Cordoba SR, Tortajada A, Harris CL, Morgan BP. Complement dysregulation and disease: from 
genes and proteins to diagnostics and drugs. Immunobiology. 2012; 217:1034–1046. [PubMed: 
22964229] 

47. Gong Q, Ou Q, Ye S, Lee WP, Cornelius J, Diehl L, et al. Importance of cellular microenvironment 
and circulatory dynamics in B cell immunotherapy. Journal of immunology. 2005; 174:817–826.

Rogers et al. Page 12

Clin Cancer Res. Author manuscript; available in PMC 2018 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Statement of translational relevance

Monoclonal antibodies (mAb) are an accepted and vital component of therapy for many 

patients with cancer. However, our understanding of the factors that determine mAb 

response, resistance and relapse is incomplete for the anti-CD20 mAbs rituximab and 

obinutuzumab. Data from our laboratory and others suggest the impact of complement 

and ADCC on mAb efficacy is complex, and that in some circumstances, complement 

fixation might reduce the ability of mAb to mediate ADCC. We studied the roles of 

complement regulators CFH, CFHR1 and CFHR3 in mAb treatment success using two 

clinical cohorts: the Iowa/Mayo Lymphoma SPORE observational cohort and the GAUSS 

prospective clinical trial cohort. Our results support CFHR3 serum expression status as a 

novel biomarker to predict obinutuzumab response in follicular lymphoma. This has 

further clinical implications for the therapeutic modulation of complement in conjunction 

with obinutuzumab therapy.
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Figure 1. SNP genotype and plasma CFH, CFHR1, and CFHR3 expression
A. Plasma collected from FL subjects in the UI/Mayo Lymphoma SPORE were analyzed by 

western blot using an anti-CFHR1 antibody that cross reacts with CFH to measure plasma 

protein levels. Individuals with the C/C genotype retained expression of CFH in their sera, 

while CFHR1 expression was lost. Asterisks indicate samples genotyped in panel B. 

Negative control sera, from which CFH and CFHR proteins were depleted, was purchased 

from CompTech (Tyler, TX). Purified CFH, also purchased from CompTech, was used as the 

positive control.
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B. Genomic DNA was isolated the FL subjects indicated in panel A. PCR amplification of 

CFHR1 or CFHR3 was performed, using Raji cells as a positive control. Individuals with 

homozygous minor allele (C/C) also exhibited homozygous deletion of CFHR1 and CFHR3. 

Note this approach cannot detect a heterozygous deletion. The negative control was 

identified based on lack of plasma CFHR1 and CFHR3 expression.

C. Plasma protein expression in FL subjects was analyzed by western blot as shown in panel 

A, and expression was quantified using band densitometry. A T/T reference plasma sample 

from a healthy donor and expressing both CFH and CFHR1 was included on every gel, and 

protein levels were normalized to these before graphing. While plasma CFH and CFHR3 

levels do not vary based on SNP genotype, CFHR1 levels are reduced in individuals with at 

least one C allele (P<0.001, unpaired t test). Dots represent individual patients and the 

horizontal bars represent the mean.
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Figure 2. Event free survival by rs3766404 genotype in GAUSS clinical cohort
Kaplan-Meier survival curves of FL subjects participating in the GAUSS clinical trial based 

on SNP genotype.

A. FL patients treated with rituximab had similar event free survival (EFS) regardless of 

SNP genotype (P=0.8635, log-rank test). (T/T n=22, T/C and C/C n=8.)

B. FL patients treated with obinutuzumab also had similar EFS regardless of SNP genotype 

(P=0.1985, log-rank test). (T/T n=23, T/C and C/C n=8.).
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Table 1

Plasma protein expression correlated with rs3766404 genotype.

rs3766404

Covariate Statistics TC or CC N=29 TT N=80
P-

value

Relative CFH protein expression
(normalized to reference CFH)

N 29 80 0.54

Mean 1.08 1.05

Median 1.08 0.97

Relative CFHR1 protein expression
(normalized to reference CFHR1)

N 29 80 <0.01

Mean 0.27 0.85

Median 0.22 0.72

Relative CFHR3 protein expression
(normalized to reference CFHR3)

N 28 80 0.52

Mean 1.08 1.07

Median 0.72 0.56

UI/Mayo SPORE FL patients with the T/T genotype had significantly higher CFHR1 protein expression compared to patients with 1 or 2 minor 
alleles (p<0.01). By contrast, there were no significant differences evidenced for CFH (p=0.54) or CFHR3 (p=0.52). P-values were calculated by 
Wilcoxon rank sum test.
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Table 4

Summary of associations observed in this study

Observational
Cohort

GAUSS Cohort

Initial therapy with
most receiving

rituximab combined
with chemotherapy

Rituximab relapsed or refractory,
treated with single agent anti-
CD20 on a randomized study

rituximab rituximab obinutuzumab

rs3766404 genotype correlates with
expression of CFHR1

Yes Yes Yes

CFHR1 expression correlates with
outcome

Yes No No

CFHR3 expression correlates with
outcome

No No Yes

A significant association between rituximab-treated patient outcome and expression of complement regulatory protein CFHR1 was observed in the 
observational cohort, but not in the GAUSS cohort. This could be due to longer follow-up time of the patients included in the observational cohort 
(>10 years) compared to the GAUSS study (2 years). Interestingly, CFHR3 expression was associated with obinutuzumab outcome, but not 
rituximab outcome. These results indicate CFHR3 may be a useful biomarker for obinutuzumab success in FL patients, and further population-
based studies examining CFHR1 and CFHR3 in FL, or other malignancies where antibody therapy is standard, are recommended.
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