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Abstract
Background and objectives Incomplete peripheral blood B cell depletion after rituximab in lupus nephritis might
correlate with inability to reduce tubulointerstitial lymphoid aggregates in the kidney, which together could be
responsible for inadequate response to treatment. We utilized data from the Lupus Nephritis Assessment with
Rituximab (LUNAR) study to characterize the variability of peripheral blood B cell depletion after rituximab and
assess its association with complete response in patients with lupus nephritis.
Design, setting, participants, & measurements We analyzed 68 participants treated with rituximab. Peripheral
blood B cell depletion was deﬁned as 0 cells/ml, termed “complete peripheral depletion,” assessed over 78 weeks.
Logistic regression was used to estimate the association between characteristics of complete peripheral depletion
and complete response (deﬁned as urine protein-to-creatinine ratio ,0.5 mg/mg, and normal serum creatinine or
an increase in creatinine ,15%, if normal at baseline), assessed at week 78.
Results A total of 53 (78%) participants achieved complete peripheral depletion (0 cells/ml) in a median time of 182
days (interquartile range, 80–339).The median duration of complete peripheral depletion was 71 days
(interquartile range, 14–158). Twenty-ﬁve (47%) participants with complete peripheral depletion achieved
complete response, compared with two (13%) without. Complete peripheral depletion was associated with
complete response (unadjusted odds ratio [OR], 5.8; 95% conﬁdence interval [95% CI], 1.2 to 28; P=0.03). Longer
time to achieving complete peripheral depletion was associated with a lower likelihood of complete response
(unadjusted OR, 0.89; 95% CI, 0.81 to 0.98; P=0.02). Complete peripheral depletion lasting .71 days (the median)
was associated with complete response (unadjusted OR, 4.1; 95% CI, 1.5 to 11; P=0.008).
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Conclusions There was substantial variability in peripheral blood B cell depletion in patients with lupus nephritis
treated with rituximab from the LUNAR trial. Achievement of complete peripheral depletion, as well as the
rapidity and duration of complete peripheral depletion, were associated with complete response at week 78.
Clin J Am Soc Nephrol 13: 1502–1509, 2018. doi: https://doi.org/10.2215/CJN.01070118

Introduction
In lupus nephritis, immune complexes accumulate in
the glomeruli, activate complement, and initiate an
inﬂammatory response (1,2). Attracted by chemokines, B cells migrate from the circulation into the
kidney (3) and aggregate in the tubulointerstitium
(4,5). These lymphoid aggregates foster a high B cell
activating factor (BAFF) environment in which B cells
undergo clonal expansion and somatic hypermutation
in response to local antigens (4–6). This process
perpetuates a cycle of interstitial inﬂammation and
damage, the extent of which is associated with progression to kidney failure (7). B cell–directed therapies
have the potential to limit tissue damage by reducing
both immune complexes in serum and lymphoid
aggregates in the kidney and have therefore been
attractive for use in lupus nephritis (8,9).
Rituximab is a chimeric anti-CD20 mAb that depletes CD20+ B cells. The Lupus Nephritis Assessment
with Rituximab (LUNAR) study, the largest
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randomized trial of rituximab for the treatment of
lupus nephritis to date, failed to demonstrate increased efﬁcacy of rituximab despite achieving B cell
depletion to the target of ,20 cells/ml in peripheral
blood (10). Further characterization of the effects of
rituximab in mouse models of lupus nephritis and
patients with SLE has revealed that rituximab does
not consistently result in complete or prolonged
depletion of peripheral blood B cells and that lymphoid tissue B cell depletion may be incomplete as
well (11–21). Incomplete peripheral blood B cell depletion has been associated with a lack of response to
rituximab in patients with SLE (20) and it is hypothesized that a lack of complete peripheral depletion in
peripheral blood and/or the kidney tubulointerstitium may attenuate the efﬁcacy of rituximab in lupus
nephritis (22).
The LUNAR trial offers a unique opportunity to
evaluate the dynamics of B cell depletion. We hypothesized that the participants of the LUNAR trial
www.cjasn.org Vol 13 October, 2018
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would demonstrate variability in the degree and duration
of peripheral blood B cell depletion after administration of
rituximab, and that these measures of peripheral blood B
cell depletion would be associated with an increased
probability of achieving complete response.

Materials and Methods
Participants and Setting
The LUNAR trial (Clinicaltrials.gov identiﬁer
NCT00282347, registration date January 24, 2006) (10)
enrolled 144 participants with lupus nephritis from January
2006 to January 2009, from 52 centers in the United States
and Latin America. Participants were required to be 16–75
years of age, have a diagnosis of SLE on the basis of the
American College of Rheumatology criteria, a history of
antinuclear antibody positivity, and lupus nephritis class
III or class IV (alone or in combination with class V)
conﬁrmed by kidney biopsy and urine protein-to-creatinine
ratio .1.0 mg/mg. Patients with .50% glomerular sclerosis on biopsy or an eGFR of ,25 ml/min were ineligible
for participation. Participants were randomized to receive
rituximab (n=72) or placebo (n=72). Only participants
who received rituximab were evaluated, including one
participant from the placebo arm that was inadvertently
treated with rituximab. Five participants without complete
CD19 measurements for at least 300 days were excluded,
allowing a total of 68 participants for analysis. The LUNAR
study protocol was approved by institutional review
boards and ethics committees and adhered to the Declaration of Helsinki. The participants provided written informed consent.
Treatment Protocol
Participants received 1 g of rituximab on days 1, 15, 168,
and 182. Mycophenolate mofetil was maintained at 3 g/d.
We administered 1 g of methylprednisolone on days 1 and
3. Participants received 100 mg of methylprednisolone
prerituximab on days 15, 168, and 182. Oral prednisone was
started at 0.75 mg/kg per day, then tapered to 10 mg/d
by week 16, similar to the Aspreva Lupus Management
Study trial (23). Participants were followed for a total of
78 weeks.
B Cell Measurements
Routine four-color ﬂow cytometry analyses were performed approximately every 2 weeks during the ﬁrst
month of the trial, every 4 weeks until week 52, and every
12 weeks until week 78. Blood samples were incubated
with four distinct ﬂuorescence-conjugated antibodies using
Becton Dickinson MultiTEST reagents in TruCount Absolute Count tubes and analyzed by FACSCalibur, according
to manufacturer’s protocols (Becton Dickinson). Data analysis was completed with FACSCalibur and Becton Dickinson MultiSET software.
Clinical Definitions and Laboratory Measurements
Three deﬁnitions of peripheral blood B cell depletion
were utilized: the LUNAR study protocol deﬁnition (CD19
count ,20 cells/ml), the cutoff from the earliest phase I
trials of rituximab in SLE (CD19 count ,5 cells/ml) (16,17),
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and a more stringent, exploratory deﬁnition (CD19 count
0 cells/ml) hereafter termed “complete peripheral depletion.” eGFR was calculated using the Modiﬁcation of Diet
in Renal Disease Study equation. Nephrotic syndrome was
deﬁned as baseline albumin ,3 g/dl and baseline urine
protein-to-creatinine ratio $3.5 mg/mg. Peak rituximab
levels were measured 30 minutes after administration of
rituximab. For these analyses, peak rituximab level was
deﬁned as the overall highest level of rituximab achieved
out of the four infusions administered.
Study End Points
Complete response for these analyses was deﬁned as
urine protein-to-creatinine ratio ,0.5 mg/mg from a 24-hour
urine collection, in conjunction with normal serum creatinine or, if normal at baseline, ,15% increase from baseline.
The LUNAR trial’s composite primary end point included
the former criteria in addition to an inactive urinary
sediment (fewer than ﬁve red blood cells per high-power
ﬁeld). For these analyses, urinary sediment was not included in the deﬁnition of complete response because of
missing measurements and recent data demonstrating that
sediment is not a useful predictor of long-term kidney
outcomes (24,25). Inclusion of urinary sediment did not
qualitatively affect the results presented here (see Supplemental Table 1). Complete response was assessed at week
52 and at week 78. An additional end point assessed was
time to ﬁrst complete response.
Statistical Analyses
Baseline differences in populations were compared
using t test, Fisher exact test, or Mann–Whitney U test
as appropriate. Kaplan–Meier survival analyses were
used for time-to-event analyses. Logistic regression was
used to estimate associations between measures of complete peripheral depletion and complete response. To
identify variables most closely associated with achievement of complete peripheral depletion, variables were
evaluated individually in a univariable logistic regression
model with complete peripheral depletion as the outcome.
Only the variables which were signiﬁcantly associated
with the outcome (P,0.05) were included in a multivariable logistic regression model. The variables evaluated
included baseline characteristics that were signiﬁcantly
different among those who achieved complete peripheral
depletion versus those who did not, baseline monocyte
levels which are important in B cell depletion (26,27),
duration of lupus nephritis, race, and peak rituximab
levels. Missing week 78 values of urine protein-to-creatinine ratio and/or creatinine for seven participants were
imputed with values carried forward from up to 60 days
prior. Analyses were performed using STATA 14.2 software (Stata Corporation, College Station, TX). A twosided P value of ,0.05 was considered statistically
signiﬁcant.

Results
Achievement of Complete Peripheral Depletion
All 68 participants achieved CD19 ,20 cells/ml within
86 days and ,5 cells/ml within 182 days (Supplemental

1504

Clinical Journal of the American Society of Nephrology

Table 1. Number of patients from the LUNAR trial treated with rituximab that achieved the three different definitions of B cell
depletion at week 52 and 78 and maximum time to depletion in days
Deﬁnition of B
Cell Depletion

Patients Who Achieved Depletion by
Week 52, n (% of Total)

Patients Who Achieved Depletion by
Week 78, n (% of Total)

Maximum Time to Achievement
of Depletion in Days

CD19,20 cells/ml
CD19,5 cells/ml
CD19=0 cells/ml

68 (100)
68 (100)
53 (78)

68 (100)
68 (100)
53 (78)

86
182
365

LUNAR, the Lupus Nephritis Assessment with Rituximab study.

Figure 1, A and B). Fifty-three (78%) participants achieved
complete peripheral depletion (0 cells/ml) within 365 days
(Table 1). No participant achieved complete peripheral
depletion for the ﬁrst time after 365 days. The breakdown
of the ﬁrst time participants achieved complete peripheral
depletion is as follows: eight (12%) achieved it directly after
the ﬁrst infusion of rituximab, 24 (35%) after the second,
ﬁve (7%) after the third, 16 (24%) after the fourth, and 15
(22%) never achieved it. Participants who achieved complete peripheral depletion had signiﬁcantly higher mean
eGFR (79 versus 58 ml/min; P=0.02), median C3 (69 versus
59 mg/dl; P=0.03), and mean serum albumin (2.8 versus 2.1
g/dl; P,0.001), were more likely to be anti–Smith-positive
(32% versus 7%; P=0.05) at baseline, and achieved higher
peak rituximab levels (456 versus 386 mg/ml; P=0.05).
Participants who achieved complete peripheral depletion

also had a lower urine protein-to-creatinine ratio (3.3
versus 5.2 mg/mg; P=0.008) and were less likely to have
nephrotic syndrome (28% versus 73%; P=0.002) at baseline
(Table 2).
Complete Peripheral Depletion and Achievement of
Complete Response
Sixty-eight participants had complete data for both week
52 and week 78 assessments. Achievement of CD19 ,20
cells/ml or ,5 cells/ml did not distinguish participants
who achieved complete response from those who did not
(Supplemental Table 2). Twenty-one (40%) participants
who achieved complete peripheral depletion had complete
response at week 52 and 25 (47%) at week 78 (Figure 1). In
logistic regression, achievement of complete peripheral

Table 2. Comparison of baseline characteristics of patients from the LUNAR trial treated with rituximab who achieved complete
peripheral depletion versus those who never achieved complete peripheral depletion
Characteristics
Age, yr, mean6SD
Women
Duration of lupus nephritis, mo, median (range)
Race
White
Hispanic
Black
Asian
Biopsy class
Class III only
Class III and V
Class IV only
Class IV and V
Baseline CD19, cells/ml, median (range)
Creatinine, mg/dl, mean6SD
eGFR, ml/min, mean6SD
Urine protein/creatinine ratio, mg/mg, mean6SD
Albumin, g/dL, mean6SD
Nephrotic syndrome present
IgG, g/L, median (range)
C3, mg/dl, median (range)
C4, mg/dl, median (range)
Anti-dsDNA positivity
Anti-Smith positivity
BAFF levels, ng/ml, median (range)
Peak rituximab levels, mg/ml, median (range)

Complete Peripheral Depletion,
n=53
3268
48 (90%)
10.5 (0.4–210)
15 (28%)
21 (39%)
15 (28%)
2 (4%)
6 (11%)
11 (21%)
28 (53%)
8 (15%)
166 (11–1477)
0.9560.4
79633
3.362.3
2.860.67
15 (28%)
9.9 (3.4–22)
69 (23–151)
13 (5–42)
42 (80%)
17 (32%)
3.1 (0.1–19)
456 (290–1070)

Incomplete Peripheral Depletion,
n=15
31610
11 (73%)
17.8 (0.4–130)
4 (26%)
6 (41%)
4 (26%)
1 (7%)
2 (13%)
5 (33%)
7 (47%)
1 (7%)
106 (20–1839)
1.1760.5
58624
5.262.45
2.160.87
11 (73%)
7.7 (1.2–20)
59 (32–130)
9.5 (5–24)
13 (87%)
1 (7%)
3.5 (1.4–24)
386 (293–565)

LUNAR, the Lupus Nephritis Assessment with Rituximab study; dsDNA, double-stranded DNA; BAFF, B cell activating factor.
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Time to Complete Peripheral Depletion and Achievement of
Complete Response
Among all participants (n=68), complete peripheral depletion was achieved in a median time of 182 days (IQR,
80–339) (Figure 2A). Among those who achieved complete
response (n=27), median time to response was 170 days
(IQR, 109–254) (Figure 2B). In logistic regression, each
incremental delay of 30 days to achievement of complete
peripheral depletion was associated with lower likelihood
of complete response at week 78 (unadjusted OR, 0.89; 95%
CI, 0.81 to 0.98; P=0.02) (Table 3). Delay in depletion was
not signiﬁcantly associated with complete response at
week 52 (Supplemental Table 3).

Figure 1. | A larger percentage of participants from the LUNAR
trial who achieved complete peripheral depletion (n = 53)
achieved complete response at week 52 and at week 78, compared
to participants who did not achieve peripheral depletion (n = 15).

depletion was associated with increased odds of complete
response at week 78 (unadjusted odds ratio [OR], 5.8; 95%
conﬁdence interval (95% CI), 1.2 to 28; P=0.03). The median
time participants remained at complete peripheral depletion was 64 days (interquartile range [IQR], 12–143)
through week 52 and 71 days (IQR, 14–158) through
week 78. Thirty-four participants (50%) had complete
peripheral depletion lasting greater than the median time
(71 days), which was associated with a greater likelihood
of complete response at week 78 (unadjusted OR, 4.1; 95%
CI, 1.5 to 11; P=0.008) compared with the 34 (50%) who had
complete peripheral depletion lasting fewer days than the
median (Table 3). Neither duration nor achievement of
complete peripheral depletion were signiﬁcantly associated with complete response at week 52 (Supplemental
Table 3).

Variables that Associate with Complete Peripheral
Depletion
The following baseline variables were analyzed individually in univariable logistic regression with complete
peripheral depletion as the outcome: age, sex, eGFR, C3,
C4, urine protein-to-creatinine ratio, albumin, monocytes,
lymphocytes, duration of lupus nephritis, race, anti-Smith
positivity, and nephrotic syndrome. An additional variable
assessed was peak rituximab levels. In multivariable
logistic regression, baseline nephrotic syndrome status,
baseline anti-Smith antibody positivity, and peak rituximab levels were found to be signiﬁcantly associated with
achievement of complete peripheral depletion (Table 4).

Discussion
We hypothesized that after administration of rituximab,
participants of the LUNAR trial would demonstrate variability in peripheral blood B cell depletion and that greater
degree and duration of depletion would be associated with
complete response. Achievement of complete peripheral
depletion, more prolonged duration of complete peripheral
depletion, and shorter time to achievement of complete
peripheral depletion were all found to be associated with
achievement of complete response at week 78 but not week
52. All participants met the original LUNAR study protocol
deﬁnition for peripheral blood B cell depletion of ,20
cells/ml, as well as the deﬁnition used in the earliest trials of
rituximab in SLE of ,5 cells/ml (16,17), therefore these
deﬁnitions of B cell depletion were not useful in

Table 3. Univariable logistic regressions assessing whether characteristics of complete peripheral depletion associate with complete
response at week 78
Characteristics
Complete peripheral depletion
Achieved (n=53)
Never achieved (n=15)
Duration of complete peripheral depletion
$71 d (n=34)
,71 d (n=34)
Each incremental delay of 30 d to complete peripheral depletion
95% CI, 95% conﬁdence interval.

Complete Response,
N (%)

Unadjusted Odds Ratio
(95% CI)

P Value

5.8 (1.2 to 28)

0.03

4.1 (1.5 to 11)

0.008

25 (47)
2 (13)
19 (70)
8 (30)
53 (78)

0.89 (0.81 to 0.98)

0.02
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Figure 2. | Kaplan Meier graphs demonstrating wide variability in time to complete peripheral depletion and in time to complete response in
participants treated with rituximab from the LUNAR trial. (A) Time to complete peripheral depletion, in days. Line denotes day 365, which is
the last day that participants ever achieved CD19 of 0 cells/ml. (B) Cumulative incidence of complete response up to week 78, in days.
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Table 4. Multivariable logistic regression model including the
three variables that significantly associated with complete
peripheral depletion by week 78 when evaluated in a univariable
model
Variables

Odds Ratio (95% CI)

P Value

Baseline nephrotic
syndrome
Baseline anti-Smith
positivity
Each 100 mg/ml increment
above 440 mg/ml in peak
rituximab levels

0.12 (0.03 to 0.50)

0.004

13.8 (1.4 to 136)

0.02

2.3 (0.98 to 5.2)

0.05

95% CI, 95% conﬁdence interval.

differentiating those who achieved complete response from
those who did not.
Although our results largely support our hypothesis
when week 78 response is considered, we did not ﬁnd
associations between measures of complete peripheral
depletion and week 52 complete response. It may be that
more than 52 weeks are required for B cell depletion to
achieve complete efﬁcacy in lupus nephritis. Among
patients with complete peripheral depletion, rates of
complete response increased from week 52 to week 78,
whereas among patients with incomplete peripheral depletion, rates of complete response decreased from week 52
to week 78. This could be a manifestation of delayed
healing in the kidney from the original immunologic
insult. Alternatively, murine models have demonstrated
that B cells in lymphoid structures and the kidney
tubulointerstitium are resistant to depletion with rituximab (6,11–13). Depletion of peripheral blood B cells is
thought to decrease B cell burden in target tissues by
preventing their migration into lymphoid structures (8).
This process may require a relatively long time to lower B
cell and plasma cell numbers in situ in the kidney to the
degree necessary to see an effect on complete response.
In those with incomplete peripheral depletion, B cells
might more rapidly reseed these lymphoid structures,
accounting for the decrease in complete response observed
at week 78.
Despite the apparent beneﬁt of achieving complete
peripheral depletion, less than half of participants with
complete peripheral depletion achieved complete response.
Autoreactive pathogenic B cells may persist in protected
microenvironments such as lymphoid structures, the kidney tubulointerstitium, and the bone marrow even with
adequate peripheral B cell depletion (6,11–13). These cells
cannot be routinely measured and may continue autoimmune activity that results in ongoing kidney injury (4,5).
There may also be unintended effects of rituximab, such as
large increases in BAFF, which could promote autoreactive
B cell survival and limit rituximab’s efﬁcacy (28). This
hypothesis is currently being tested by Synergetic B-cell
Immodulation in SLE (Clinicaltrials.gov identiﬁer
NCT02284984), a proof-of-concept study of rituximab
followed by belimumab, which is a BAFF inhibitor. The
LUNAR study did not require repeat biopsies to be
performed and therefore whether continued inﬂammation
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was the cause of continued proteinuria cannot be ascertained.
Therapeutic agents that enhance B cell depletion in SLE
may result in a more homogenous B cell depletion proﬁle
across participants and increased efﬁcacy in lupus nephritis. Obinutuzumab is a recently developed type II mAb
against CD20 that has a nonapoptotic B cell–killing mechanism and improved antibody-dependent cellular cytotoxicity in comparison with rituximab (29–32). Obinutuzumab
has been shown to induce greater B cell depletion in
peripheral blood and lymph tissue than rituximab in
chronic lymphocytic leukemia (32). Because of its increased
depletion in lymph nodes, it is possible obinutuzumab
could also achieve increased B cell depletion in situ in the
kidney. The Study to Evaluate the Safety and Efﬁcacy of
Obinutuzumab Compared With Placebo in Participants
With Lupus Nephritis is an ongoing phase II trial in
participants with proliferative lupus nephritis randomized
to either obinutuzumab or placebo plus background
therapy of mycophenolate and steroids (Clinicaltrials.gov
identiﬁer NCT01905943) that aims to test the hypothesis
that greater B cell depletion can lead to increased rates of
response in patients with lupus nephritis.
Our multivariable logistic regression model suggests that
lack of nephrotic syndrome at presentation and higher peak
rituximab levels are associated with complete peripheral
depletion. Patients with SLE achieve signiﬁcantly lower
levels of rituximab compared with patients with rheumatoid
arthritis. This remains true even in SLE participants with no
proteinuria, and could be due to increased internalization of
rituximab and increased Ig catabolism (33). Furthermore, the
t1/2 of rituximab in patients with nephrotic syndrome due to
membranous nephropathy is signiﬁcantly decreased compared with rheumatoid arthritis (34,35). Patients with nephrotic syndrome treated with rituximab have been found to
have elevated rituximab urine levels, regardless of the
original diagnosis that led to nephrotic syndrome (36,37).
In membranous nephropathy, a rituximab regimen with
4 weekly 375 mg/m2 doses achieved higher rituximab levels
for a longer period of time and resulted in improved B cell
depletion compared with two doses of 1 g given 15 days
apart (34,35). These ﬁndings suggest that patients with lupus
nephritis, especially those with concomitant nephrotic syndrome, may require a more prolonged exposure to rituximab
to achieve more profound peripheral blood B cell depletion,
which could lead to greater efﬁcacy of rituximab. A more indepth pharmacokinetic study is necessary to understand the
variability in peak levels observed in the LUNAR trial and
explore whether they are related to nephrotic syndrome.
Baseline anti-Smith positivity was also associated with
complete peripheral depletion. Anti-Smith is the most speciﬁc antibody in SLE and has been associated with more
severe features and poor outcomes (38–40). It is unclear why
this association was found, but if it were to be reproduced in
subsequent studies then further investigation into the relationship would be warranted.
Limitations of this study include that it is a post hoc
analysis of a randomized, controlled trial with no statistical
corrections to multiple testing. The ﬂow cytometry used for
this trial has not been internally validated for a threshold
lower than ,5 cells/ml and may lack precision below this
level. The duration of follow-up was limited to week 78.
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Importantly, rituximab is not approved for use in lupus
nephritis.
In summary, our study supports the hypothesis that
there is variability in peripheral blood B cell depletion after
administration of rituximab in lupus nephritis and that
greater degree and duration, as well as shorter time to
complete peripheral depletion are associated with complete response at week 78. In conclusion, rituximab in
combination with mycophenolate did not achieve a uniform degree of peripheral blood B cell depletion using the
most stringent deﬁnition of depletion as measured by
conventional ﬂow cytometry, and this may have contributed to the observed lack of efﬁcacy in the LUNAR trial.
We hypothesize that enhanced peripheral blood B cell
depletion may improve outcomes with B cell–depleting
agents in lupus nephritis. This could be achieved by
combining rituximab with other agents such as belimumab, developing a deeper understanding of the pharmacokinetics of rituximab that could lead to alternative
dosing regimens, or with the use of newer therapies
such as obinutuzumab.
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