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The Pharmacogenomic Association of Fcg Receptors and
Cytochrome P450 Enzymes With Response to Rituximab or
Cyclophosphamide Treatment in
Antineutrophil Cytoplasmic Antibody–Associated Vasculitis
Rodrigo Cartin-Ceba,1 Divya Indrakanti,2 Ulrich Specks,1 John H. Stone,3 Gary S. Hoffman,4
Cees G. M. Kallenberg,5 Carol A. Langford,4 Peter A. Merkel,6 Robert F. Spiera,7
Paul A. Monach,8 E. William St.Clair,9 Philip Seo,10 Nadia K. Tchao,11 Steven R. Ytterberg,1
Paul G. Brunetta,12 Huijuan Song,2 Dan Birmingham,2 and Brad H. Rovin,2
for the RAVE–Immune Tolerance Network Research Group
Objective. The Rituximab in ANCA-Associated
Vasculitis (RAVE) trial compared rituximab to cyclophosphamide as induction therapy for the treatment of
antineutrophil cytoplasmic antibody (ANCA)–associated
vasculitis. We undertook the current study to determine
whether known single-nucleotide polymorphisms (SNPs)
for Fcg receptors (FcgR) or cytochrome P450 (CYP)
enzymes were associated with the response to treatment
with rituximab and cyclophosphamide, respectively.
Methods. Functional SNPs for FcgR (FcgRIIa
519G>A, FcgRIIb 695T>C, FcgRIIIa 559T>G) and CYP
enzymes (CYP2B6 1459C>T, CYP2C19 681G>A) were analyzed by direct sequencing of polymerase chain reaction–
amplified genomic DNA. Each SNP was tested as a predictor of complete remission at 6 months or remission

with continued prednisone administration using logistic
regression and including the covariates of baseline
Birmingham Vasculitis Activity Score for Wegener’s
Granulomatosis, ANCA type, and new versus relapsing
disease. The associations of these SNPs with the secondary
outcomes of time to complete remission, time to relapse,
or time to B cell reconstitution were analyzed by Cox proportional hazard tests.
Results. No significant associations were identified
between complete remission and any FcgR genotype in
the rituximab group or any CYP genotype in the cyclophosphamide group. However, when the treatment groups
were combined, an association was found between the
519AA genotype of FcgRIIa and complete remission
(P 5 0.01). The 519AA genotype predicted complete remission (P 5 0.006) and a shorter time to complete remission
(P < 0.001).
Conclusion. The finding that the homozygous
FcgRIIa 519AA variant was associated with complete
response and a shorter time to complete response in the
RAVE trial, independent of treatment type, implies that
FcgRIIa may be broadly involved in disease pathogenesis
and response to therapy.
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Table 1.

Single-nucleotide polymorphisms tested*
Position in gene
sequence

Wild-type
allele

Variant
allele

Variant allele
frequency†

Effect of variant on
protein function

FcgRIIa

519

G

A

0.48

FcgRIIb

695

T

C

0.13

FcgRIIIa

559

T

G

0.45

CYP2B6

1459

C

T

0.05–0.15

CYP2C19

681

G

A

0.15–0.32

Increases affinity of the receptor
for IgG2
Decreases inhibitory activity of
the receptor
Increases affinity of the receptor
for IgG1 and IgG3
Decreases hepatic production of
the enzyme
Creates a premature stop codon
and results in an inactive enzyme

Gene

* FcgRIIa 5 Fcg receptor IIa; CYP2B6 5 cytochrome P450 isoform 2B6.
† See refs. (37) and (38).

Granulomatosis with polyangiitis (Wegener’s)
(GPA) and microscopic polyangiitis (MPA) are 2 forms of
antineutrophil cytoplasmic antibody (ANCA)–associated
vasculitis (AAV) (1). Advances in therapy have transformed GPA and MPA from frequently fatal conditions to
chronic illnesses. The Rituximab in ANCA-Associated
Vasculitis (RAVE) trial expanded standard induction
treatment options for patients with AAV by demonstrating
that rituximab was not inferior to cyclophosphamide for
induction of remission (2,3). Despite the success of the trial,
its results were far from ideal, as only 58% of patients in
both treatment groups achieved complete remission after 6
months without prednisone, and only 36% of patients had
disease in stable remission throughout the 18 months of
follow-up (2). As the medical community moves closer to
the goal of treating patients using a precision medicine
approach, it is plausible that therapy for AAV can be tailored to specific characteristics of individual patients.
Rituximab, a chimeric monoclonal antibody directed
against the B lymphocyte–restricted cell surface protein
CD20, kills B cells mainly through antibody-dependent cellmediated cytotoxicity (ADCC) (4). ADCC is mediated
through Fcg receptors (FcgR), particularly FcgRIIIa
expressed on natural killer (NK) cells. Of potential clinical
relevance, single-nucleotide polymorphisms (SNPs) in FcgR
genes can influence the function of FcgR (5). Studies in lymphoma (6–9), rheumatoid arthritis (10,11), and other autoimmune conditions (12,13) have shown that the response to
rituximab may be affected by FcgR polymorphisms.
Cyclophosphamide has been used for induction
of remission in patients with AAV for almost 4 decades.
Cyclophosphamide is a prodrug that requires activation
(4-hydroxylation) by the hepatic cytochrome P450 (CYP)
enzymes. Several CYP isoforms contribute to cyclophosphamide metabolism including CYP2B6, CYP2C9,
CYP2C19, CYP3A4, and CYP3A5 (14). Of these CYP
enzymes, variants in the CYP2B6 and CYP2C19 genes

appear to have the most clinically relevant effects in conditions commonly treated with cyclophosphamide, such as
cancer and systemic lupus erythematosus (SLE) (15–19).
To date there is no information about the effects of
FcgR and CYP polymorphisms on how AAV responds to
treatment with rituximab or cyclophosphamide. We therefore investigated whether functional FcgRIIa, FcgRIIb,
FcgRIIIa, CYP2B6, and CYP2C19 polymorphisms that
are relatively common in the general population (Table 1)
are associated with therapeutic response or toxicity to specific drugs in patients from the RAVE trial.
PATIENTS AND METHODS
Patients. Patients were participants in the RAVE
trial. Study design details of the RAVE trial have been
reported elsewhere (2,3). All patients enrolled in the RAVE
trial provided written informed consent for the collection and
future use of biologic samples and data. Participating ethics
boards approved the research. This work was approved by The
Ohio State University Institutional Review Board. Disease
activity was scored using the Birmingham Vasculitis Activity
Score for Wegener’s Granulomatosis (BVAS/WG) (20,21).
The primary outcome of the RAVE trial, complete remission,
was defined as a BVAS/WG of 0 and successful completion of
the prednisone taper to 0 mg by month 6. Secondary outcomes
included 1) remission, defined as a BVAS/WG of 0 during
treatment with continued prednisone at ,10 mg per day; 2)
time to complete remission or remission in days; 3) time to
relapse in days, defined as an increase in BVAS/WG of $1
point after having achieved remission; and 4) time to B lymphocyte reconstitution in days, defined as an increase in
CD191 B cells to .69 cells/mm3 after having an initial decrease to ,10 cells/mm3 following treatment with rituximab.
SNPs for FcgR (FcgRIIa 519G.A, rs1801274; FcgRIIb
695T.C, rs1050501; FcgRIIIa 559T.G, rs396991) and CYP
enzymes (CYP2B6 1459C.T, rs3211371; CYP2C19 681G.A,
rs4244285) were analyzed by direct sequencing of polymerase
chain reaction (PCR)–amplified genomic DNA. These genes and
polymorphisms were chosen because they are relatively common
in the general population and they can theoretically affect the
function of their respective proteins (19,22–28) and thereby
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Table 2. Association of FcgR genotypes in the rituximab group and CYP genotypes in the cyclophosphamide group with time to remission of
ANCA-associated vasculitis, by Cox proportional hazard analyses*
Remission†
Polymorphism, genotype
(position in gene sequence)
FcgRIIa (519)
GG vs. GA/AA
AA vs. GG/GA
FcgRIIIa (695)
TT vs. TC/CC
CC vs. TT/TC
FcgRIIb (559)
TT vs. TG/GG
GG vs. TT/TG
CYP2B6 (1459)
CC vs. CT/TT
TT vs. CC/CT
CYP2C19 (681)
GG vs. GA/AA
AA vs. GG/GA
*
†
‡
§

Complete remission‡

HR (95% CI)

P

Adjusted HR
(95% CI)§

P

HR (95% CI)

P

Adjusted HR
(95% CI)§

P

1.02 (0.63–1.60)
1.34 (0.83–2.11)

0.93
0.22

1.03 (0.63–1.62)
1.35 (0.82–2.17)

0.89
0.21

0.86 (0.52–1.40)
2.11 (1.26–3.46)

0.57
0.005

0.91 (0.54–1.49)
2.33 (1.36–3.9)

0.73
0.002

0.63 (0.41–1.01)
1.23 (0.61–2.25)

0.06
0.53

0.62 (0.39–1.01)
1.18 (0.58–2.20)

0.06
0.61

0.90 (0.57–1.44)
1.25 (0.60–2.33)

0.67
0.52

0.79 (0.48–1.32)
1.44 (0.67–2.78)

0.37
0.32

0.92 (0.55–1.62)
3.96 (0.22–18.8)

0.76
0.26

0.84 (0.49–1.51)
3.85 (0.21–18.8)

0.55
0.27

0.90 (0.52–1.65)
2.76 (0.15–13)

0.73
0.38

0.89 (0.51–1.66)
3.34 (0.18–16.3)

0.71
0.32

1.12 (0.66–2.05)
0.56 (0.03–2.58)

0.67
0.53

1.13 (0.66–2.07)
0.58 (0.03–2.87)

0.65
0.57

1 (0.54–2.03)
0.44 (0.02–2.03)

0.99
0.35

1.07 (0.57–2.19)
0.32 (0.01–1.62)

0.83
0.19

0.78 (0.47–1.38)
1.44 (0.23–4.64)

0.39
0.62

0.78 (0.47–1.39)
1.39 (0.21–4.97)

0.39
0.67

0.76 (0.42–1.48)
1.58 (0.25–5.12)

0.41
0.55

0.80 (0.44–1.55)
2.09 (0.31–7.82)

0.50
0.38

FcgR 5 Fcg receptor; CYP 5 cytochrome P450; HR 5 hazard ratio; 95% CI 5 95% confidence interval.
Birmingham Vasculitis Activity Score for Wegener’s Granulomatosis (BVAS/WG) of 0 and receiving ,10 mg/day prednisone.
BVAS/WG of 0 and not receiving prednisone.
Adjusted for baseline BVAS/WG, type of antineutrophil cytoplasmic antibody (ANCA), and new versus relapsing disease.

impact the efficacy of rituximab and cyclophosphamide treatment
(Table 1).
DNA samples were available from 189 of the 197 participants in the RAVE trial. Genomic DNA was extracted from
peripheral blood leukocytes of EDTA-treated whole blood using
Gentra Puregene Blood Kits (Qiagen). Oligonucleotide primers
(Invitrogen) specifically designed to flank the 5 SNP regions were
as follows: for 2C19*2, 50 -AAC-CAG-AGC-TTG-GCA-TATTG-30 (forward) and 50 -GTA-AAC-ACA-AAA-CTA-GTC-AATG-30 (reverse); for 2B6*5, 50 -TGT-GCC-CAC-ACT-GGT-GACCTT-CTG-T-30 (forward) and 50 -TAA-TTT-TCG-ATA-ATCTCA-CTC-CTG-C-30 (reverse); for FcgRIIa, 50 -CCT-CTG-AGACTG-AAA-AAC-CC-30 (forward) and 50 -CTT-GGC-AGA-CTCCCC-ATA-CC-30 (reverse); for FcgRIIIa, 50 -TCT-CGG-GCCTGG-GGT-GTC-TG-30 (forward) and 50 -GGA-GGG-AACCAC-ATA-TGA-AGA-AG-30 (reverse); and, for FcgRIIb, 50 CTC-TGT-TCC-TGC-CTG-CTC-ACA-AA-30 (forward) and 50 GAG-GAG-CTA-CAA-ACC-TGA-AAT-CC-30 (reverse).
DNA amplification was carried out by PCR using 100 ng
of DNA and a MasterCycler Gradient Thermal Cycler
(Eppendorf). Amplification reactions were done in a reaction volume of 25 ml with 50 mM KCl, 20 mM Tris HCl (pH 8.4), 1.5 mM
MgCl2, 200 mM each dATP, dCTP, dGTP, dTTP (Invitrogen),
and 0.5 units PlatinumTaq DNA polymerase (Invitrogen). The
cycling conditions included an initial 2 minutes of incubation at
948C to activate the Taq DNA polymerase, followed by denaturation at 948C for 30 seconds, annealing at 608C for 30 seconds,
and polymerization at 728C for 30 seconds for a total of 35 cycles.
PCR products were checked on 2% agarose gel to confirm a single product for direct sequencing. PCR products (5 ml) were
mixed with 2 ml of ExoSAP-IT (USB) followed by incubation for
15 minutes at 378C and then 15 minutes of inactivation at 808C
to remove excess dNTPs and primers. The purified products
were then directly sequenced with BigDye Terminator Cycle
Sequencing Chemistry (Applied Biosystems) using the same

PCR primers. Sequencing was performed using a 3730 DNA
Analyzer (Applied Biosystems) in the Plant-Micro Genomic
facility at The Ohio State University.
Care was taken in designing the primers for FcgRII to
avoid inadvertently amplifying FcgRIIC by using a forward primer
that mismatched with FcgRIIC at 2 of the 3 most 30 nucleotide
residues and at 4 total residues (University of California at Santa
Cruz BLAT genome search, December 2013 assembly). Using
this primer under the cycling conditions indicated, particularly
annealing at 608C, results in amplification of FcgRIIb alone.
Statistical analysis. For comparison of proportions,
chi-square tests were used if the number of elements in each cell
was $5; Fisher’s exact test was used otherwise. Logistic regression was used to assess the association of each SNP (as the predictor) with the primary outcome of complete remission or the
secondary outcome of remission with continued prednisone (as
responses). The time-to-event data were analyzed with Cox proportional hazard ratios (HRs). In both analyses, the following
prespecified covariates were included: baseline BVAS/WG,
ANCA type, and new versus relapsing disease. Model fit (calibration) was assessed using the Hosmer-Lemeshow goodness-of-fit
test. When appropriate, odds ratios (ORs) and 95% confidence
intervals (95% CIs) were calculated. Given the proportions
observed and assuming an alpha error of 5% and a power of
90%, we were able to detect in the entire cohort an OR of 2.4
for a logistic regression analysis (binary outcome) with 1 predictor. Two-sided P values less than 0.05 were considered significant. JMP statistical software, version 10.0 (SAS Institute) was
used for all data analyses.

RESULTS
DNA was sequenced from 189 RAVE trial participants, of whom 96 received rituximab and 93 were
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Table 3. Association of complete remission status with FcgRIIa
genotype in the entire RAVE cohort*

Entire cohort
GG/GA
AA
P
Cyclophosphamidetreated patients
GG/GA
AA
P
Rituximabtreated patients
GG/GA
AA
P

No. of
patients

Success,
no. (%)

Failure,
no. (%)

189
137
52

114 (60)
75 (55)
39 (75)

75 (40)
62 (45)
13 (25)

93

51 (55)

42 (45)

68
25

33 (49)
18 (72)

35 (51)
7 (28)

96

63 (66)

33 (34)

69
27

42 (61)
21 (78)

27 (39)
6 (22)

0.01

0.04

0.11

* FcgRIIa 5 Fcg receptor
Associated Vasculitis.

IIa;

RAVE 5 Rituximab

in

ANCA-

treated with cyclophosphamide. Due to technical problems, we were not able to determine the FcgRIIIa
559T.G genotype in 3 patients treated with rituximab.
In rituximab-treated patients, no significant differences were identified in the genotype, carrier status, or
allele frequency for the FcgRIIa, FcgRIIb, and FcgRIIIa
polymorphisms between patients who achieved remission
or complete remission and those who did not (see Supplementary Table 1, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
39822/abstract). In cyclophosphamide-treated patients, no
significant differences were identified in the genotype, carrier status, or allele frequency for the CYP2B6 and
CYP2C19 polymorphisms between patients who achieved
remission or complete remission and those who did not
(see Supplementary Table 2, http://onlinelibrary.wiley.
com/doi/10.1002/art.39822/abstract).
In univariate and multivariate logistic regression
analyses, no significant associations were identified
between FcgRIIa, FcgRIIb, and FcgRIIIa polymorphisms

and remission or complete remission status in patients
treated with rituximab, or between CYP2B6 and CYP2C19
polymorphisms and remission or complete remission status
in patients treated with cyclophosphamide (see Supplementary Table 3, http://onlinelibrary.wiley.com/doi/10.
1002/art.39822/abstract). No associations were identified
between FcgRIIb, FcgRIIIa, CYP2B6, and CYP2C19
polymorphisms and time to remission or time to complete
remission by univariate or multivariate Cox models. However, in rituximab-treated patients, the homozygous
FcgRIIa 519AA genotype (n 5 27 patients) was associated
with a shorter time to complete remission (HR 2.11 [95%
CI 1.26–3.46], P 5 0.005), even after adjustment for baseline BVAS/WG, new versus relapsing disease, and ANCA
type (HR 2.33 [95% CI 1.36–3.9], P 5 0.002) (Table 2).
The mean 6 SD time to complete remission was 171 6 4
days for patients with the FcgRIIa 519AA genotype versus
212 6 9.8 days for the combined FcgRIIa 519GG/519GA
genotypes (P 5 0.001).
The association of the FcgRIIa polymorphism
with time to complete remission led us to examine this
SNP in cyclophosphamide-treated patients and then in
the whole cohort in an effort to demonstrate that this
variant specifically affected responses to rituximab treatment. Unexpectedly, we found that a larger proportion of
cyclophosphamide-treated patients with the 519AA
genotype achieved complete remission, and this association became stronger when the entire cohort was considered (Table 3). Furthermore, in the entire cohort, the
FcgRIIa 519AA genotype was associated with increased
odds of achieving complete remission (OR 2.61 [95% CI
1.29–5.55], P 5 0.006) and with a shorter time to complete remission (HR 1.93 [95% CI 1.33–2.78], P , 0.001),
even after adjustment for covariates (Table 4).
In the entire cohort, the odds of achieving complete
remission at 6 months were even higher in patients homozygous for both FcgRIIa 519A and FcgRIIIa 559G (OR
7.87 [95% CI 1.48–145], P 5 0.01; n 5 12 patients, 5 taking

Table 4. Association of complete remission and time to complete remission with FcgRIIa genotype in the entire RAVE cohort, by logistic
regression and Cox proportional hazard modeling*
Complete remission
Univariate

Time to complete remission

Multivariate†

Univariate

Multivariate†

FcgRIIa
(all patients)

OR (95% CI)

P

OR (95% CI)

P

HR (95% CI)

P

HR (95% CI)

P

GG vs. GA/AA
AA vs. GG/GA

0.67 (0.34–1.32)
2.48 (1.24–5.20)

0.25
0.009

0.67 (0.34–1.33)
2.61 (1.29–5.55)

0.26
0.006

0.77 (0.51–1.13)
1.85 (1.27–2.64)

0.19
0.001

0.79 (0.52–1.17)
1.93 (1.33–2.78)

0.25
,0.001

* FcgRIIa 5 Fcg receptor IIa; RAVE 5 Rituximab in ANCA-Associated Vasculitis; OR 5 odds ratio; 95% CI 5 95% confidence interval;
HR 5 hazard ratio.
† Adjusted for baseline Birmingham Vasculitis Activity Score for Wegener’s Granulomatosis, type of antineutrophil cytoplasmic antibody
(ANCA), and new versus relapsing disease.
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cyclophosphamide and 7 taking rituximab). This result
remained significant after adjustment for ANCA type, new
versus relapsing disease, and baseline BVAS/WG (OR
8.20 [95% CI 1.52–152], P 5 0.01). Although these data are
consistent with the FcgRIIa 519AA genotype results, the
number of double-homozygous patients was small and the
confidence intervals were wide, raising concerns over the
importance of this finding.
The RAVE trial also had data on 119 patients at
18 months. Repeating these analyses at 18 months
showed no significant association between the FcgRIIa
519G.A SNP and complete remission in either the
entire cohort or any of the treatment arms (data not
shown). Furthermore, the FcgRIIa 519AA genotype was
not associated with increased odds of maintaining complete remission at 18 months (OR 1.26 [95% CI 0.56–
2.9], P 5 0.56). At 18 months, patients homozygous for
both FcgRIIa 519A and FcgRIIIa 559G did not have
increased odds of complete response (OR 2.65 [95% CI
0.60–18], P 5 0.20).
No significant associations were found between
FcgRIIa, FcgRIIb, FcgRIIIa, and CYP2B6 polymorphisms
and time to AAV relapse or time to B cell reconstitution
(see Supplementary Table 4, http://onlinelibrary.wiley.com/
doi/10.1002/art.39822/abstract). The CYP2C19 homozygous
681AA genotype was associated with more rapid B cell
reconstitution than were the combined 681GG and 681GA
genotypes (HR 0.14 [95% CI 0.007–0.74], P 5 0.01) in
cyclophosphamide-treated patients. However, only 2
patients were homozygous, calling into question the reliability of this finding. No significant associations were identified
between FcgR and CYP SNPs and the development of all
adverse events, grade 3 adverse events, grade $2 leukopenia, grade $3 thrombocytopenia, or infections (data not
shown).
DISCUSSION
This cohort study of AAV patients from the RAVE
trial was done to evaluate the pharmacogenomic associations of FcgR and CYP enzymes with response to treatment with rituximab or cyclophosphamide, respectively. To
the best of our knowledge, no previous study has assessed
the role of pharmacogenomics in the therapy of AAV
patients receiving rituximab or cyclophosphamide.
Although we postulated that genetic background would be
useful in choosing between rituximab and cyclophosphamide as the most effective induction drug for individual
patients, this was not demonstrated for the polymorphisms
tested. Furthermore, knowledge of patient genotypes for
FcgR and CYP enzymes did not differentiate patients by
time to B cell reconstitution or susceptibility to treatment-
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associated side effects. Unexpectedly, however, the
FcgRIIa 519AA genotype was found to predict complete
response and a shorter time to complete response independently of the induction treatment used, suggesting that
FcgRIIa may play a pathogenic role in AAV.
The FcgR that we studied included 2 activating
receptors, FcgRIIa and FcgRIIIa, and 1 inhibitory receptor, FcgRIIb. FcgRIIa is expressed on myeloid cells, dendritic cells, and platelets, FcgRIIb is expressed on myeloid
cells, dendritic cells, and B cells, and FcgRIIIa is expressed
on macrophages, some monocyte subsets, and NK cells
(29). The FcgRIIa SNP 519G.A changes an arginine to a
histidine at amino acid 131, the FcgRIIIa SNP 559T.G
changes a phenylalanine to a valine at amino acid 158, and
the FcgRIIb SNP 695T.C changes an isoleucine to a threonine at amino acid 187. These SNPs all affect protein
function, with the FcgRIIa 131H variant exhibiting
enhanced binding to IgG2, the FcgRIIIa 158V variant
exhibiting enhanced binding to IgG1 and IgG3, and the
FcgRIIb 187T variant having defective lipid raft anchoring
and consequently decreased inhibitory function (28,30).
All 3 of these polymorphisms have been reported to influence susceptibility to another autoimmune disease, SLE or
lupus nephritis, likely through differences in immune complex clearance (FcgRIIa, FcgRIIIa) or immunoregulation
(FcgRIIb) (for review, see ref. 31).
Because the effects of rituximab are mediated in
part through FcgR (6,32), it is plausible that FcgR
polymorphisms may also influence the response to rituximab therapy. Indeed, rituximab efficacy has been reported
to be better in patients with the FcgRIIIa 158VV genotype in the treatment of non-Hodgkin’s lymphomas (33)
and rheumatoid arthritis (11). In contrast, none of these
FcgR SNPs influenced the efficacy of rituximab in AAV,
suggesting that these FcgR genetic variations are not
important for rituximab in vasculitis. However, analysis of
secondary RAVE trial outcomes showed that the homozygous FcgRIIa SNP variant (519AA) was associated with a
shorter time to complete remission. Surprisingly, this association also extended to the entire cohort, including
patients treated with cyclophosphamide (data not shown).
Furthermore, when the entire cohort was considered
(rituximab- and cyclophosphamide-treated patients), the
519AA homozygous variant and the 519AA plus FcgRIIIa
559GG homozygous genotype were also found by regression analysis to be associated with and to predict complete
remission. This association is consistent with a previous
observation that patients with GPA who had a combined
homozygous genotype of FcgRIIa 519AA and FcgRIIIa
559GG were relatively protected from disease relapse
compared to having all other combinations of FcgR genotypes (34).
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FcgRIIa 519AA appears to identify an AAV phenotype with a more favorable clinical prognosis. Exploring the mechanism of this beneficial effect is beyond the
scope of this investigation, but expressing the highaffinity FcgR phenotype may help suppress AAV activity
by enhancing and accelerating the clearance of ANCAs
or other inciting antibodies/immune complexes.
Similar to our results with rituximab and FcgR
polymorphisms, we observed no effect of CYP polymorphisms on the response of AAV patients to cyclophosphamide or susceptibility to cyclophosphamide toxicity, except
for an association between the CYP2C19 homozygous
681AA genotype and more rapid B cell reconstitution. As
pointed out in the Results, there were only 2 patients with
this homozygous variant genotype, making this conclusion
tentative. In other conditions, CYP enzyme SNPs have been
found to affect the response to and the toxicity of cyclophosphamide therapy. The variant CYP2C19*2 (681G.A)
results in an inactive enzyme (24), and 1 study showed that
carriers of at least 1 CYP2C19*2 allele were protected
against cyclophosphamide-related premature ovarian failure but that CYP2C19*2 homozygous patients with lupus
nephritis who were treated with cyclophosphamide had a
higher probability of developing end-stage renal disease
(17). The same study demonstrated that patients receiving
pulse cyclophosphamide for the treatment of lupus nephritis
who were homozygous for CYP2B6*5, a haplotype that
results in decreased enzyme expression by the liver (23),
also had a higher probability of developing end-stage renal
disease.
These findings suggest that SNPs resulting in
reduced levels of the active drug decrease the efficacy of
cyclophosphamide (17). However, other studies have
not confirmed these pharmacogenomic associations in
either lupus nephritis (35) or breast cancer (36). Thus, it
remains unclear whether genotyping for CYP variants is
useful in deciding whether to treat an individual patient
with cyclophosphamide or an alternate drug, and this
may be disease specific.
This study has limitations. It is a post hoc analysis.
For some of the genotypes, there were only a few patients,
which prevented statistical analyses to identify significant
associations. Additionally, not all known FcR and CYP
SNPs were tested, so we cannot exclude the possibility
that other genetic predispositions may specifically affect
response to rituximab or cyclophosphamide. Finally, the
lack of association of genotype with response to a specific
treatment will need to be validated in an independent
AAV cohort. We are optimistic that these data can be
reproduced in one or more of the AAV cohorts assembled for recent clinical trials. On the other hand, the
study’s main strength stems from its prospective cohort
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assembled from a large multicenter randomized controlled trial of patients who were treated with rituximab
or cyclophosphamide and followed up meticulously for
clinical outcomes.
In conclusion, in this cohort study of AAV
patients from the RAVE trial, there is no evidence to
suggest that genotyping patients for several highprevalence and functional FcR or CYP polymorphisms
will be helpful in individualizing induction therapy to
either rituximab or cyclophosphamide. This is relevant
information for practice and suggests that choice of therapy should mainly consider the patient’s clinical context.
Alternatively, FcgRIIa variants appear to identify a subgroup of patients who may be expected to achieve remission more rapidly during induction. While there does not
appear to be an overt clinical need to genotype FcgRIIa
for the current management of AAV, determining the
mechanisms of this apparent genotype–phenotype interaction could help further our understanding of how to
decide which AAV patients are suitable for routine treatment and which patients may need novel therapy.
AUTHOR CONTRIBUTIONS
All authors were involved in drafting the article or revising it
critically for important intellectual content, and all authors approved
the final version to be published. Dr. Rovin had full access to all of the
data in the study and takes responsibility for the integrity of the data
and the accuracy of the data analysis.
Study conception and design. Cartin-Ceba, Specks, Stone, Rovin.
Acquisition of data. Indrakanti, Specks, Stone, Hoffman, Kallenberg,
Langford, Merkel, Spiera, Monach, St.Clair, Seo, Tchao, Ytterberg,
Brunetta, Song, Birmingham, Rovin.
Analysis and interpretation of data. Cartin-Ceba, Specks, Stone,
Birmingham, Rovin.

ROLE OF THE STUDY SPONSOR
Genentech had no role in the study design or in the collection,
analysis, or interpretation of the data, the writing of the manuscript, or
the decision to submit the manuscript for publication. Publication of
this article was not contingent upon approval by Genentech.

REFERENCES
1. Jennette JC, Falk RJ, Bacon PA, Basu N, Cid MC, Ferrario F,
et al. 2012 revised International Chapel Hill Consensus Conference
Nomenclature of Vasculitides. Arthritis Rheum 2013;65:1–11.
2. Specks U, Merkel PA, Seo P, Spiera R, Langford CA, Hoffman
GS, et al. Efficacy of remission-induction regimens for ANCAassociated vasculitis. N Engl J Med 2013;369:417–27.
3. Stone JH, Merkel PA, Spiera R, Seo P, Langford CA, Hoffman
GS, et al. Rituximab versus cyclophosphamide for ANCAassociated vasculitis. N Engl J Med 2010;363:221–32.
4. Taylor RP, Lindorfer MA. Drug insight: the mechanism of
action of rituximab in autoimmune disease: the immune complex
decoy hypothesis. Nat Clin Pract Rheumatol 2007;3:86–95.
5. Bruhns P. Properties of mouse and human IgG receptors and
their contribution to disease models. Blood 2012;119:5640–9.
6. Lim SH, Vaughan AT, Ashton-Key M, Williams EL, Dixon SV,
Chan HT, et al. Fc g receptor IIb on target B cells promotes

PHARMACOGENOMICS AND RESPONSE TO THERAPY IN VASCULITIS

7.

8.

9.

10.

11.

12.

13.

14.
15.
16.

17.

18.

19.
20.

21.

rituximab internalization and reduces clinical efficacy. Blood
2011;118:2530–40.
Hatjiharissi E, Xu L, Santos DD, Hunter ZR, Ciccarelli BT,
Verselis S, et al. Increased natural killer cell expression of
CD16, augmented binding and ADCC activity to rituximab
among individuals expressing the FcgRIIIa-158 V/V and V/F
polymorphism. Blood 2007;110:2561–4.
Ghesquieres H, Cartron G, Seymour JF, Delfau-Larue MH,
Offner F, Soubeyran P, et al. Clinical outcome of patients with
follicular lymphoma receiving chemoimmunotherapy in the
PRIMA study is not affected by FCGR3A and FCGR2A
polymorphisms. Blood 2012;120:2650–7.
Ahlgrimm M, Pfreundschuh M, Kreuz M, Regitz E, Preuss KD,
Bittenbring J. The impact of Fc-g receptor polymorphisms in
elderly patients with diffuse large B-cell lymphoma treated with
CHOP with or without rituximab. Blood 2011;118:4657–62.
Ruyssen-Witrand A, Rouanet S, Combe B, Dougados M, Le
Lo€et X, Sibilia J, et al. Fcg receptor type IIIA polymorphism
influences treatment outcomes in patients with rheumatoid
arthritis treated with rituximab. Ann Rheum Dis 2012;71:875–7.
Lee YH, Bae SC, Song GG. Functional FCGR3A 158 V/F and
IL-6 2174 C/G polymorphisms predict response to biologic therapy in patients with rheumatoid arthritis: a meta-analysis.
Rheumatol Int 2014;34:1409–15.
Stork AC, Notermans NC, van den Berg LH, Schellevis RD,
Niermeijer JM, Nederend M, et al. Fcg receptor IIIA genotype
is associated with rituximab response in antimyelin-associated
glycoprotein neuropathy. J Neurol Neurosurg Psychiatry 2014;
85:918–20.
Ravani P, Ponticelli A, Siciliano C, Fornoni A, Magnasco A,
Sica F, et al. Rituximab is a safe and effective long-term treatment for children with steroid and calcineurin inhibitordependent idiopathic nephrotic syndrome. Kidney Int 2013;84:
1025–33.
Van Schaik RH. CYP450 pharmacogenetics for personalizing
cancer therapy. Drug Resist Updat 2008;11:77–98.
Pinto N, Ludeman SM, Dolan ME. Drug focus: pharmacogenetic
studies related to cyclophosphamide-based therapy. Pharmacogenomics 2009;10:1897–903.
Helsby NA, Hui CY, Goldthorpe MA, Coller JK, Soh MC, Gow
PJ, et al. The combined impact of CYP2C19 and CYP2B6 pharmacogenetics on cyclophosphamide bioactivation. Br J Clin
Pharmacol 2010;70:844–53.
Takada K, Arefayene M, Desta Z, Yarboro CH, Boumpas DT,
Balow JE, et al. Cytochrome P450 pharmacogenetics as a predictor of toxicity and clinical response to pulse cyclophosphamide
in lupus nephritis. Arthritis Rheum 2004;50:2202–10.
Bray J, Sludden J, Griffin MJ, Cole M, Verrill M, Jamieson D,
et al. Influence of pharmacogenetics on response and toxicity in
breast cancer patients treated with doxorubicin and cyclophosphamide. Br J Cancer 2010;102:1003–9.
Mizutani T. PM frequencies of major CYPs in Asians and
Caucasians. Drug Metab Rev 2003;35:99–106.
Merkel PA, Cuthbertson DD, Hellmich B, Hoffman GS, Jayne
DR, Kallenberg CG, et al. Comparison of disease activity measures for anti-neutrophil cytoplasmic autoantibody (ANCA)associated vasculitis. Ann Rheum Dis 2009;68:103–6.
Stone JH, Hoffman GS, Merkel PA, Min YI, Uhlfelder ML,
Hellmann DB, et al, for the International Network for the Study
of the Systemic Vasculitides (INSSYS). A disease-specific activity index for Wegener’s granulomatosis: modification of the Birmingham Vasculitis Activity Score. Arthritis Rheum 2001;44:
912–20.

175

22. Timm R, Kaiser R, Lotsch J, Heider U, Sezer O, Weisz K, et al.
Association of cyclophosphamide pharmacokinetics to polymorphic cytochrome P450 2C19. Pharmacogenomics J 2005;5:365–73.
23. Lang T, Klein K, Fischer J, Nussler AK, Neuhaus P, Hofmann
U, et al. Extensive genetic polymorphism in the human CYP2B6
gene with impact on expression and function in human liver.
Pharmacogenetics 2001;11:399–415.
24. Xie HG, Kim RB, Wood AJ, Stein CM. Molecular basis of ethnic differences in drug disposition and response. Annu Rev
Pharmacol Toxicol 2001;41:815–50.
25. Warmerdam PA, van de Winkel JG, Vlug A, Westerdaal NA,
Capel PJ. A single amino acid in the second Ig-like domain of
the human Fc g receptor II is critical for human IgG2 binding.
J Immunol 1991;147:1338–43.
26. Wu J, Edberg JC, Redecha PB, Bansal V, Guyre PM, Coleman
K, et al. A novel polymorphism of FcgRIIIa (CD16) alters
receptor function and predisposes to autoimmune disease. J Clin
Invest 1997;100:1059–70.
27. Kyogoku C, Dijstelbloem HM, Tsuchiya N, Hatta Y, Kato H,
Yamaguchi A, et al. Fcg receptor gene polymorphisms in Japanese patients with systemic lupus erythematosus: contribution of
FCGR2B to genetic susceptibility. Arthritis Rheum 2002;46:
1242–54.
28. Floto RA, Clatworthy MR, Heilbronn KR, Rosner DR, MacAry
PA, Rankin A, et al. Loss of function of a lupus-associated
FcgRIIb polymorphism through exclusion from lipid rafts. Nat
Med 2005;11:1056–8.
29. Pincetic A, Bournazos S, DiLillo DJ, Maamary J, Wang TT,
Dahan R, et al. Type I and type II Fc receptors regulate innate
and adaptive immunity. Nat Immunol 2014;15:707–16.
30. Bruhns P, Iannascoli B, England P, Mancardi DA, Fernandez N,
Jorieux S, et al. Specificity and affinity of human Fcg receptors
and their polymorphic variants for human IgG subclasses. Blood
2009;113:3716–25.
31. Li X, Gibson AW, Kimberly RP. Human FcR polymorphism
and disease. Curr Top Microbiol Immunol 2014;382:275–302.
32. Maloney DG, Smith B, Rose A. Rituximab: mechanism of action
and resistance [review]. Semin Oncol 2002;29 Suppl 2:2–9.
33. Cartron G, Dacheux L, Salles G, Solal-Celigny P, Bardos P,
Colombat P, et al. Therapeutic activity of humanized anti-CD20
monoclonal antibody and polymorphism in IgG Fc receptor
FcgRIIIa gene. Blood 2002;99:754–8.
34. Dijstelbloem HM, Scheepers RH, Oost WW, Stegeman CA, van
der Pol WL, Sluiter WJ, et al. Fcg receptor polymorphisms in
Wegener’s granulomatosis: risk factors for disease relapse.
Arthritis Rheum 1999;42:1823–7.
35. Winoto J, Song H, Hines C, Nagaraja H, Rovin BH. Cytochrome P450 polymorphisms and the response of lupus nephritis
to cyclophosphamide therapy. Clin Nephrol 2011;75:451–7.
36. Yao S, Barlow WE, Albain KS, Choi JY, Zhao H, Livingston
RB, et al. Gene polymorphisms in cyclophosphamide metabolism pathway, treatment-related toxicity, and disease-free survival
in SWOG 8897 clinical trial for breast cancer. Clin Cancer Res
2010;16:6169–76.
37. 1000 Genomes Project Consortium, Abecasis GR, Altshuler D,
Auton A, Brooks LD, Durbin RM, et al. A map of human genome
variation from population-scale sequencing [published erratum
appears in Nature 2011;473:544]. Nature 2010;467:1061–73.
38. Van Schie RC, Wilson ME. Evaluation of human FcgRIIA
(CD32) and FcgRIIIB (CD16) polymorphisms in Caucasians
and African-Americans using salivary DNA. Clin Diagn Lab
Immunol 2000;7:676–81.

