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ABSTRACT RG7667, a novel combination of two anticytomegalovirus (anti-CMV)
monoclonal IgG1 antibodies (MCMV5322A and MCMV3068A), was designed to block
CMV entry into host cells. It was developed as a potential therapy for preventing CMV
infection and disease in transplant recipients. RG7667 was assessed for preventing CMV
infection in a phase 2a trial with CMV-seronegative recipients of kidney transplants from
CMV-seropositive donors. The patients received 4 intravenous doses of RG7667 (10
mg/kg of body weight of each antibody, n � 60) or placebo (n � 60) at the time of the
transplant and at 1, 4, and 8 weeks after the transplant. Serum samples were collected
for pharmacokinetic (PK) analysis and antidrug antibody (ADA) evaluation. To guide fu-
ture dose selection, the relationships between RG7667 exposure and pharmacological
activity were evaluated. MCMV5322A and MCMV3068A exposures were confirmed in
all RG7667-treated patients. Mean clearances for MCMV5322A and MCMV3068A were
2.97 and 2.65 ml/day/kg, respectively, and the terminal half-lives of MCMV5322A and
MCMV3068A were 26.9 and 27.4 days, respectively. The ADA incidence was low and was
not associated with lower drug exposure. Patients with RG7667 or component antibody
exposures greater than the respective median values had a lower incidence of viremia at
12 weeks and 24 weeks after transplantation and a longer delayed time to detectable
CMV viremia than patients with exposures less than the median values. MCMV5322A
and MCMV3068A exhibited expected IgG1 PK profiles in high-risk kidney transplant re-
cipients, consistent with the earlier PK behavior of RG7667 in healthy subjects. Higher
drug exposure was associated with better anti-CMV pharmacological activity. (This study
has been registered at ClinicalTrials.gov under identifier NCT01753167.)
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Cytomegalovirus (CMV)-associated disease is a significant cause of posttransplant
complications, despite the administration of antiviral medications. In particular,

CMV-seronegative recipients of a solid organ transplant (SOT) from a CMV-seropositive
donor (donor-positive and recipient-negative [D�R�] transplants) are at high risk for
CMV infection and subsequent CMV disease (1, 2). Although antivirals, such as acyclovir,
ganciclovir, or valganciclovir, have dramatically decreased the incidence of CMV-
associated disease during the early posttransplant period, they have significant adverse
effects, such as neutropenia (3) and impaired cell-mediated immunity (4). Late-onset
CMV disease, which occurs more than 3 months after transplantation, or very late
disease, which occurs at any time later than 1 to 2 years following transplantation, may
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continue to occur and is also associated with graft failure and decreased patient
survival (4–6).

Previous studies have demonstrated that CMV intravenous immunoglobulin (CMV-
IVIG) can decrease the incidence of CMV infection and disease in renal transplant
recipients in D�R� transplants, suggesting that antibody-based therapies may be
effective for treating CMV infection (1, 7, 8). However, CMV-IVIG is expensive and not
commonly used due to the availability of antiviral medications (9, 10). RG7667 is
composed of two monoclonal antibodies, administered in a 1:1 ratio, that bind to
distinct CMV antigens required for cellular entry and inhibit infection of relevant host
cells (11). The first component, MCMV5322A, is a human immunoglobulin G1(�)
[IgG1(�)] antibody that binds with single-digit nanomolar affinity to gH, a human CMV
envelope protein that is present on the surface of the virus and that is required for entry
into all cell types susceptible to CMV infection. The second component, MCMV3068A,
a humanized IgG1(�) antibody, binds with single-digit nanomolar affinity to a human
CMV epitope that is formed by a complex of five CMV envelope proteins (11) and that
is required for viral entry into epithelial cells, endothelial cells, and macrophages
(12–16). Although MCMV3068A is better at neutralizing CMV than MCMV5322A (11), it
is unable to prevent infection of fibroblasts (12–16). Therefore, the antibody combina-
tion should provide the optimal potency for blocking viral entry into all four key cell
types that are targeted by CMV and suppressing viral resistance (11).

RG7667, initially tested in a phase 1 study in healthy volunteers, was well tolerated
up to single intravenous (i.v.) doses of 10 mg/kg of body weight of each antibody (20
mg/kg total) (11). Terminal half-life (t1/2) estimates for MCMV5322A and MCMV3068A
were similar and dose independent, with mean values ranging from 24.6 to 28.3 days
for both antibodies following single doses of RG7667. The pharmacokinetic (PK)
parameters obtained after the administration of multiple i.v. doses of MCMV5322A and
MCMV3068A were consistent with data obtained after the administration of single
doses (11). The PK of each antibody were comparable to those of a typical human IgG1
lacking an endogenous target in humans after monotherapy (17, 18).

In a phase 2a, randomized, double-blind, placebo-controlled study (ClinicalTrials.gov
identifier NCT01753167), we examined the safety and pharmacological activity of
multiple i.v. doses of RG7667 in preventing CMV infection in kidney transplant recipi-
ents in D�R� transplants (19). In addition to RG7667 treatment, the study used a
preemptive approach instead of universal prophylaxis to prevent CMV disease: anti-
CMV therapy with other antiviral agents was initiated only in patients with the early
replication of CMV. Although RG7667 did not significantly reduce the proportion of
patients with CMV viremia within 12 weeks posttransplant, it significantly reduced the
proportion of patients with CMV viremia within 24 weeks posttransplant. RG7667 also
significantly delayed the median time to detectable CMV viremia compared to that
achieved with placebo (139 days versus 46 days). The serum concentrations of both
antibodies exhibited a biphasic disposition, with an initial rapid distribution phase
followed by a slow elimination phase. The mean terminal half-lives were 26.9 for
MCMV5322A and 27.4 days for MCMV3068A, which were consistent with the terminal
half-lives in healthy subjects. To guide dose selection for future clinical studies, this
analysis of the phase 2a study further characterized the PK and immunogenicity of
RG7667 and the relationship between drug exposure and pharmacological activity.

RESULTS
Patient demographics. Details of the patient demographics, the randomization

process, and the disposition of the patients have been previously reported (19). Briefly,
120 patients at 39 sites in 8 countries (the United States and the European Union) were
enrolled from December 2012 to April 2014. Sixty patients were randomized to RG7667
(10 mg/kg of each antibody [20 mg/kg total] administered on days 1, 8, 29, and 57), and
60 patients were randomized to placebo. One patient in the RG7667 group and two
patients in the placebo group did not receive either RG7667 or placebo because they
tested CMV seropositive at screening. In addition, one patient in the placebo group
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withdrew before dosing. There were 116 patients in the modified intention-to-treat
population (59 in the RG7667 group and 57 in the placebo group). The population in
which PK were evaluable consisted of 59 patients who received at least 1 dose of
RG7667. The dose groups were generally well balanced for demographic characteristics,
including body weight, age, gender, and other demographic characteristics, and there
were no imbalances that would have affected efficacy, safety, or PK (19).

Pharmacokinetics. As previously described (19), serum MCMV5322A and MCMV3068A
concentrations exhibited a biphasic disposition, with an initial rapid distribution phase
followed by a slow elimination phase (Fig. 1), in kidney transplant recipients at high risk
of CMV infection. Additionally, the serum concentrations observed from the phase 2a
study were consistent with predicted concentrations obtained from a Monte Carlo
simulation based on a model built using the human PK observed in the RG7667 phase
1 study (Fig. 1) (11). At week 12 (day 84), the primary efficacy time point, the observed
concentrations of each antibody were well above the target trough concentrations of
5.45 �g/ml (MCMV5322A) and 3.88 �g/ml (MCMV3068A), which were based on in vitro
activity and other factors (see Discussion for more details) for all subjects with available
PK data (Fig. 1; see also Fig. S1 in the supplemental material). The mean values of the
PK parameters for MCMV5322A and MCMV3068A following the administration of
multiple i.v. doses of RG7667 are summarized in Table 1. For MCMV5322A, the observed
mean clearance (CL) and t1/2 were 2.97 ml/day/kg and 26.9 days, respectively. The
observed mean volume of distribution at steady state (Vss) was 110 ml/kg. The
accumulation ratios based on the maximum observed serum concentration (Cmax),
the minimum observed serum concentration (Cmin), and the area under the serum
concentration-time curve (AUC) were 1.47, 1.20, and 1.60, respectively. For
MCMV3068A, the observed mean CL and t1/2 were 2.65 ml/day/kg and 27.4 days,
respectively. The observed mean Vss was 99.8 ml/kg. The accumulation ratios based on
Cmax, Cmin, and AUC were 1.50, 1.28, and 1.74, respectively.

ADA incidence. Antidrug antibody (ADA)-positive patients were defined as those
patients who tested negative at the baseline and positive after dosing during the study
and had evaluable immunogenicity data (at least one postbaseline sample). Among the
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FIG 1 Observed concentrations of MCMV5322A (A) and MCMV3068A (B) versus time in a phase 2a
overlay with predictions from a simulation using a two-compartment population PK model based on
phase 1 PK data. Black circles, observed phase 2a data; blue shaded areas, 95% confidence interval; gray
dashed lines, median; blue dashed lines, target concentration for each antibody. The 95% confidence
intervals and medians were derived on the basis of the simulated concentrations for 1,000 subjects.
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RG7667-treated patients, 3 of 56 developed ADA responses only to MCMV5322A and 4
of 56 developed ADA responses only to MCMV3068A. One patient developed an
ADA response to both MCMV5322A and MCMV3068A (19). We also found that the
MCMV5322A and MCMV3068A serum concentration-time profiles for ADA-positive
patients and ADA-negative patients overlapped (Fig. 2), indicating that the presence of
ADAs was not associated with lower drug exposure.

Pharmacological activity and exposure-response analysis. The proportion of
patients with detectable CMV viremia (viral load � 150 copies/ml [137 IU/ml]) within 12
weeks after transplantation was the primary endpoint of the study. As previously
reported (19), CMV viremia developed in 45.8% (27/59) of RG7667-treated patients and
in 61.4% (35/57) of placebo-treated patients by the end of 12 weeks after transplan-
tation, but this difference was not statistically significant. By the end of 24 weeks after
transplantation, there were significantly fewer RG7667-treated patients (50.8% [30/59])
than placebo-treated patients (70.2% [40/57]) with CMV viremia (stratum-adjusted
difference, 19.3%; P � 0.040). The median time to detectable CMV viremia, a secondary
endpoint, was also significantly delayed (RG7667 versus placebo, 139 days versus 46
days; hazard ratio, 0.53; P � 0.009), and significantly fewer RG7667-treated patients
than placebo-treated patients developed CMV disease (19).

To analyze the exposure-response relationship for each component antibody or the
combination, we stratified patients by high exposure (Cmin-high; in which the Cmin at
week 12 [Cmin_wk_12], 4 weeks after the last dose, was greater than or equal to the
median Cmin) or low exposure (Cmin-low; in which Cmin_wk_12 was less than the median
Cmin). We found that MCMV5322A Cmin-high patients (median Cmin, 84.6 �g/ml) had a
lower incidence of viremia at 12 weeks after transplantation (36.0%) than patients who
either had a low level of MCMV5322A exposure (54.2%) or were in the placebo group
(61.4%) (Fig. 3A). Similarly, for MCMV3068A Cmin-high patients (median Cmin, 100
�g/ml), the incidence of viremia was reduced (32%) compared to the incidence in
patients with Cmin-low values (62.5%). For patients with both high MCMV5322A expo-
sures and high MCMV3068A exposures, the incidence of viremia was 29.4%, whereas it

TABLE 1 PK parameters for MCMV5322A and MCMV3068A

Parametera

MCMV5322A MCMV3068A

No. of
patients Mean � SD value

No. of
patients Mean � SD value

Cmax_dose_1 (�g/ml) 59 203 � 40.2 59 213 � 50.3
Cmax_dose_4 (�g/ml) 50 294 � 69.8 50 306 � 71.9
AR_Cmax 50 1.47 � 0.270 50 1.50 � 0.358
Cmin_wk_1 (�g/ml) 54 73.3 � 24.7 55 88.0 � 34.0
Cmin_wk_12 (�g/ml) 49 84.6 � 30.3 49 104 � 36.1
AR_Cmin 49 1.20 � 0.326 49 1.28 � 0.435
AUC0–7 (�g · day/ml) 56 740 � 145 50 831 � 158
AUC56–63 (�g · day/ml) 35 1,170 � 508 34 1,350 � 145
AUC56–84 (�g · day/ml) 35 3,180 � 1,400 34 3,810 � 1,590
AUCinf

b (�g · day/ml) 36 7,830 � 3,260 37 9,050 � 3,790
AR_AUC7 32 1.60 � 0.607 28 1.74 � 0.596
Vss

c (ml/kg) 36 110 � 30.3 37 99.8 � 42.8
CLc (ml/day/kg) 36 2.97 � 1.38 37 2.65 � 1.49
t1/2 (day) 54 26.9 � 9.42 54 27.4 � 10.1
aAR_Cmax, accumulation ratio at Cmax, where AR_Cmax � Cmax_dose_4/Cmax_dose_1; AR_Cmin accumulation ratio
at Cmin, where AR_Cmin � Cmin_wk_1/Cmin_wk_12; AR_AUC7, accumulation ratio at the AUC at day 7, where
AR_AUC7 � AUC56 – 63/AUC0 –7; AUCinf, area under the serum concentration-time curve from day 0
extrapolated to infinity; AUC56 – 63, area under the serum concentration-time curve from days 56 to 63;
AUC56 – 84, area under the serum concentration-time curve from days 56 to 84; AUC0 –7, area under the
serum concentration-time curve from days 0 to 7; CL, clearance; Cmax_dose_1, maximum observed serum
concentration after the first dose; Cmax_dose_4, maximum observed serum concentration after the last (i.e.,
fourth) dose; Cmin_wk_1, minimum observed serum concentration at 1 week after the first dose; Cmin_wk_12,
minimum observed serum concentration at 4 weeks after the last dose was administered at day 57; t1/2,
terminal half-life; Vss, volume of distribution at steady state.

bAUCinf was excluded if the percentage of AUC extrapolation exceeded 20%.
cCL and Vss were excluded from the calculation if the last dose was missing.

Deng et al. Antimicrobial Agents and Chemotherapy

February 2018 Volume 62 Issue 2 e01108-17 aac.asm.org 4

http://aac.asm.org


was 68.8% in those with Cmin-low values (Fig. 3A). At 24 weeks after transplantation, we
also observed the same pattern: patients with high week 12 exposures for the com-
ponent antibodies or the combination also had a reduced incidence of viremia (Fig. 3B).

MCMV5322A Cmin-high patients also had a longer median time to detectable CMV
viremia than Cmin-low patients or placebo-treated patients (in which CMV viremia was
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FIG 2 MCMV5322A (A) and MCMV3068A (B) serum concentration-time profiles for ADA-positive patients
(red lines) and ADA-negative patients (black lines).
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not reached during the study [MCMV5322A Cmin-high patients] period or the median
time to detectable CMV viremia was 75 days [Cmin-low patients] and 46 days [placebo-
treated patients]) (Fig. 4A; Table 2). We observed similar results for MCMV3068A (Fig.
4C; Table 2) and the combination (Fig. 4E; Table 2).

Patients with a high MCMV5322A exposure at steady state (defined as an AUC from days
56 to 84 [AUC56–84] that was greater than or equal to the median of 3,390 �g · day/ml) had
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FIG 4 Time to detectable CMV viremia stratified by the median Cmin_wk_12 (A, C, E) and the median
AUC56 – 84 (B, D, F). (A, B) MCMV5322A; (C, D) MCMV3068A; (E, F) RG7667.

TABLE 2 Median time to detectable CMV viremiaa stratified by Cmin_wk_12 and AUC56 – 84

Parameterb

MCMV5322A MCMV3068A MCMV5322A and MCMV3068A MCMV5322A or MCMV3068A

No. of
patients

Median time
to detectable
viremia (days) P valuec

No. of
patients

Median time
to detectable
viremia (days) P value

No. of
patients

Median time
to detectable
viremia (days) P value

No. of
patients

Median time
to detectable
viremia (days) P value

Cmin-high 25 Not reachedd 0.00433 25 Not reached 0.00512 17 Not reached 0.0921 16 Not reached 0.0168
Cmin-low 24 75 0.0828 24 60.5 0.256 16 56.5 0.675
AUC56–84-high 18 Not reached 0.00543 17 Not reached 0.0189 14 Not reached 0.0566 7 55 0.793
AUC56–84-low 17 56 0.505 17 60.5 0.204 13 60 0.297
aThe median time to detectable CMV viremia for the placebo group (n � 57) was 46 days.
bAUC56 – 84-high, an AUC56 – 84 greater than or equal to the median AUC; AUC56 – 84-low, an AUC56 – 84 less than the median AUC; Cmin-high, a Cmin_wk_12 greater than or
equal to the median Cmin; Cmin-low, a Cmin_wk_12 less than the median Cmin.

cP values are relative to the median time to viremia of the placebo group.
dNot reached, the median time to viremia was not reached during the study period.
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a longer time to detectable CMV viremia than either patients with a low AUC56 – 84 value
(a value below the median) or patients in the placebo group (in which CMV viremia was
not reached during the study period [MCMV5322A AUC56 – 84-high patients] or the
median time to detectable CMV viremia was 56 days [AUC56 – 84-low patients] or 46 days
[placebo-treated patients]) (Fig. 4B; Table 2). We also observed comparable findings
when exposure measurements were based on MCMV3068A alone (Fig. 4D; Table 2) or
the combination (Fig. 4F; Table 2). Of note, the median time to detectable CMV viremia
for the subgroup with a high AUC56 – 84 for either antibody (Table 2; Fig. 4F, green line)
was not statistically significantly different from that for the placebo group, most likely
due to the small sample size (n � 7).

The driver for RG7667 efficacy is not yet fully understood. Our previous work with
a preclinical model that tested an anti-influenza A virus monoclonal antibody demon-
strated that initial systemic exposure may be important for efficacy (20). Therefore, to
determine whether early RG7667 exposure (1 week after transplantation) was linked to
its pharmacological activity, we examined the incidence of viremia at weeks 12 and 24
and the time to detectable CMV viremia stratified by early exposure parameters (Cmin

and AUC during the first week). We found no obvious differences in either endpoint
between the two subgroups for either component antibody (data not shown).

We then assessed whether the lower level of efficacy observed in patients with
lower exposures was due to lower dose intensities. A relative dose intensity of 1
indicates that RG7667 was administered at the dose planned per the protocol, without
delay and without cancellations. Four of 59 RG7667-treated patients had a relative dose
intensity that was less than 1 (i.e., the patients did not receive the planned dose) and
were excluded from our exposure-response analysis due to the lack of observed
exposure data. The remaining 55 patients had relative dose intensities of 1 regardless
of their level of exposure, thus eliminating dose intensity as a factor affecting efficacy.

To better establish the true exposure-response relationship, we examined whether
important risk factors, such as geographic region, use of induction immunosuppression,
or a human leukocyte antigen mismatch between the donor and the recipient, were
balanced between patients with lower exposures and patients with higher exposures.
We found no major imbalances, suggesting that the efficacy difference was most likely
related to low exposures (Table 3). We further confirmed this result using a Cox
regression model and identified exposure (Cmin_wk_12) to be a significant covariate
(MCMV5322A, P � 0.005; MCMV3068A, P � 0.006).

DISCUSSION

Previously, there had been limited data on the PK of antibody treatments in
transplant patients and little consistency among studies. MSL-109, the parental anti-
body whose affinity maturation led to MCMV5322A, had typical IgG1 PK in patients
receiving allogeneic bone marrow transplants (21). However, two other anti-CMV
monoclonal antibodies, SDZ89-104 and 89-109, exhibited shorter terminal half-lives in
bone marrow transplant patients than in healthy subjects (22). Other PK studies
demonstrated that soon after transplantation, the clearance and the volume of distri-
bution of therapeutic antibodies in transplant recipients may be increased compared to
those in nontransplant patients (23). Additional reports indicate that the terminal
half-life of an antibody in SOT patients is dependent upon the time that has elapsed
after transplantation. It is possible that the intrinsic catabolism of IgG is initially
increased due to surgery, inflammation, and other disease factors, but after surgery, it
approaches that found in healthy subjects. For example, the terminal half-life of
CMV-IVIG in renal transplant patients is approximately 7 days immediately after trans-
plantation but increases to 15 days after 2 months (23, 24). In cardiac transplant
patients receiving CMV-IVIG during the first 14 days after transplantation, the terminal
half-life is approximately 4 days, but it increases to 14 days during the next 90 days (25).
An anti-hepatitis C virus monoclonal antibody had a typical IgG1 PK profile in healthy
volunteers (26) but had a clearance that was approximately 2- to 3-fold faster in liver
transplant patients (27). Overall, we determined that the PK of RG7667 in SOT recipients
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were similar to those in healthy volunteers, were consistent with the typical PK for
monoclonal antibodies, and were unaffected by immunogenicity. We also noted that
the timing of the first RG7667 dose relative to the time of transplant did not affect
MCMV5322A or MCMV3068A PK parameters, such as Cmin after the last dose at week 1
(Cmin_wk_1), the AUC from days 0 to 7 (AUC0 –7), Cmax after the first dose (Cmax_dose_1),
and Cmin_wk_12 (data not shown). These differences may have arisen due to the different
roles of the transplanted organs in antibody clearance. For monoclonal antibodies such
as rituximab, bevacizumab, and trastuzumab, renal function and hemodialysis have no
reported impacts on their PK (28–33). In our study, the CMV viral load was unlikely to
impact the monoclonal antibody PK as a consequence of target-mediated drug dispo-
sition because the amount of CMV particles was insignificant compared with the
concentration of RG7667 immediately following dosing (19).

For this study in kidney transplant patients, we aimed to select a safe and efficacious
dosing regimen to achieve and maintain circulating concentrations of both antibodies
that were at or above the effective level, which was the level necessary to prevent CMV
infection in this population. Because the receptors used by CMV to infect different cell
types are different between humans and other species, there is no relevant in vivo
model. Therefore, we selected the target serum trough concentrations for MCMV3068A
and MCMV5322A by quantitatively linking in vitro and clinical data (see Fig. S1 in the
supplemental material). Briefly, these serum target concentrations were based on
the 90% effective concentrations (EC90s) of MCMV5322A, MCMV3068A, and CMV-IVIG
established from in vitro neutralization assays (data not shown), as well as the ratio of
the observed CMV-IVIG serum trough concentration in patients to the in vitro EC90 of
CMV-IVIG (data not shown). Specifically, the ratio of each antibody’s target serum
trough concentration to its in vitro EC90 was set to be 3-fold greater than that for
CMV-IVIG (Fig. S1A). We also considered several factors: the possibility of altered PK in
transplant patients, the projected target concentrations, data from a PK simulation in
healthy volunteers and SOT patients (data not shown), and nonclinical safety factors
from a 4-week toxicology study in rats. An interim analysis during the phase 1 trial
indicated that 5 mg/kg of each antibody (10 mg/kg total) could achieve the PK target

TABLE 3 Summary of categorical covariates between high-exposure, low-exposure, and
placebo groups in the modified intention-to-treat populationa

Characteristic

No. (%) of patients

MCMV5322A MCMV3068A

PlaceboCmin-high Cmin-low Cmin-high Cmin-low

Total 25 24 25 24 57
Residence in the United States 13 (52) 9 (37.5) 13 (52) 9 (37.5) 27 (47.4)
Induction immunosuppression 6 (24) 4 (16.7) 5 (20) 5 (20.8) 15 (26.3)

No. of HLA-A mismatches
0 9 (36.0) 7 (29.2) 7 (28.0) 8 (33.3) 15 (26.3)
1 8 (32.0) 14 (58.3) 12 (48.0) 10 (41.7) 25 (43.9)
2 5 (20.0) 3 (12.5) 5 (20.0) 4 (16.7) 13 (22.8)
Not done or unobtainable 3 (12.0) 1 (4.0) 2 (8.3) 4 (7.0)

No. of HLA-B mismatches
0 7 (28.0) 5 (20.8) 7 (28.0) 6 (25) 18 (31.6)
1 6 (24.0) 11 (45.8) 7 (28.0) 9 (37.5) 17 (29.8)
2 9 (36.0) 8 (33.3) 10 (40.0) 7 (29.2) 17 (29.8)
Not done or unobtainable 3 (12.0) 1 (4.0) 2 (8.3) 5 (8.8)

No. of HLA-DR mismatches
0 8 (32.0) 5 (20.8) 8 (32.0) 5 (20.8) 16 (28.1)
1 9 (36.0) 9 (37.5) 10 (40.0) 8 (33.3) 27 (47.4)
2 4 (16.0) 8 (33.3) 5 (20.0) 7 (29.2) 9 (15.8)
Not done or unobtainable 4 (16.0) 2 (8.3) 2 (8.0) 4 (16.7) 5 (8.8)

aCmin-high, a Cmin_wk_12 greater than or equal to the median Cmin; Cmin-low, a Cmin_wk_12 less than the
median Cmin; HLA, human leukocyte antigen.
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while assuming that clearance and the volume of distribution were 3-fold faster in SOT
patients than in healthy volunteers (Fig. S1B). Therefore, the phase 1 study in healthy
volunteers utilized doses of up to 10 mg/kg of each antibody (20 mg/kg total) dosed
monthly for 3 months (11) and included a factor of 2-fold over the projected efficacious
dose. The nonclinical toxicology study in rats utilized doses of each antibody of up to
100 mg/kg (200 mg/kg total) dosed weekly for 5 weeks and showed a no-observed-
adverse-effect level of 100 mg/kg for each antibody (data not shown). Both studies
supported the safety of the dose and dose frequency used in the phase 2a study. In
addition, the regimen chosen was expected to achieve the target serum trough
concentrations in more than 90% of SOT patients in the Monte Carlo simulation (n �

1,000; Fig. S1). Due to the uncertainties of the RG7667 PK in SOT patients, the additional
dose on day 8 was added to ensure that antibody concentrations were above the target
serum concentrations both during and after transplantation.

Although we observed antiviral activity, RG7667 did not reduce the incidence of
CMV viremia within 12 weeks. We observed a significant reduction at 24 weeks but
could not determine if one or both antibodies was responsible because we did not
administer the antibodies separately. Target serum concentrations based on CMV-IVIG
and in vitro EC90s may have been underestimated because it was unclear how well in
vitro efficacy measures would translate into clinically meaningful activities. Higher, but
not early, exposures to RG7667 were associated with improved pharmacological re-
sponses, suggesting that a higher dose or more frequent dosing may provide greater
concentrations and, thereby, greater pharmacological activity in target tissues, such as
the kidneys. High exposures to both antibodies had better activity than a high exposure
to only one antibody (Fig. 3A and 4F), which could have been due to the suboptimal
dosing of one antibody. Therefore, optimization of the antibody ratio instead of the use
of a 1:1 ratio may increase pharmacological activity. Although we eliminated induction
immunosuppression, geographic region, and HLA mismatches as risk factors likely to
affect efficacy, other unknown risk factors may have been involved. A future random-
ized trial based on exposure would better capture the exposure-response relationship.
Finally, RG7667 may not neutralize CMV entry into other unidentified cell types. Greater
activity may be achieved by using a larger number of monoclonal antibodies against
other CMV epitopes. In summary, RG7667 had favorable pharmacokinetic and immu-
nogenicity profiles in kidney transplant recipients at high risk for CMV infection. Future
studies will be necessary to determine the optimal dosing regimen for maximum
efficacy against CMV infection.

MATERIALS AND METHODS
Study population and design. The study population and design have been described previously

(19), and the study has been registered at ClinicalTrials.gov under identifier NCT01753167. Briefly,
CMV-seronegative patients who were at least 18 years old and receiving a first or second kidney
transplant from a CMV-seropositive donor (D�R� transplants), who are at particularly high risk for CMV
infection and subsequent CMV disease (1), were eligible in this proof-of-activity study. This study was
conducted in full conformance with the International Council for Harmonisation E6 guidelines for Good
Clinical Practice and the principles of the Declaration of Helsinki or the laws and regulations of the
country in which the research was conducted, whichever offered the greater protection to the individual.
All patients provided written, informed consent.

One hundred twenty patients were randomized 1:1 to either RG7667 or placebo. The sample size
selection has been described previously (19). Briefly, sample size was determined on the basis of an
expected event rate in the placebo group, expected treatment effects, a 10% potential dropout rate in
the primary endpoint, and the estimate that 10% of patients would become CMV seropositive (i.e., both
the donor and the recipient would be CMV seropositive) at baseline because of seroconversion after the
initial CMV serological evaluation. RG7667 (10 mg/kg of each antibody [20 mg/kg total], based on actual
body weight at day 1) and placebo were administered i.v. in 4 doses on days 1 (between 1 day before
and 2 days after transplantation), 8, 29, and 57. The dose for this proof-of-activity phase 2a study was
chosen on the basis of a preclinical toxicity study in rats and safety, projected efficacious dose, and PK
data from the phase 1 trial (11) (see Fig. S1 in the supplemental material). The primary endpoint was the
incidence of CMV viremia, defined as �150 copies/ml (137 IU/ml), measured in patient plasma samples
within 12 weeks of transplantation. Secondary endpoints were the incidence of CMV viremia within 24
weeks of transplantation, the time to detectable CMV viremia, and the characterization of the pharma-
cokinetic and immunogenicity profiles of RG7667. The CMV viral load in plasma was measured by
quantitative PCR (qPCR) weekly (weeks 0 to 12) or every other week (weeks 13 to 24). If viral load
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measurements were clinically meaningful, site investigators could initiate preemptive antiviral therapy
(e.g., valganciclovir, ganciclovir, foscarnet, or CMV-IVIG) at their discretion.

Pharmacokinetic assessments. As previously described (19), serum samples for PK analysis were
collected up to 24 h prior to the first dosing (day 1); at 1 h (�15 min), 4 h (�2 h), 24 h (day 2), and 72
h (day 4) after the first dosing; on day 8 before dosing and 1 h (�15 min) after dosing; on day 29
before dosing and 1 h (�15 min) after dosing; on day 57 before dosing and 1 h (�15 min) and 24
h (day 58) after dosing; on days 43, 64, 71, 78, 85, 113, and 141; and at study completion (on day
169 or at early termination). RG7667 levels in serum were measured using validated, quantitative,
enzyme-linked immunosorbent assays (ELISA) (11). The levels of each molecule were analyzed
independently. The lower limits of quantification for MCMV3068A and MCMV5322A were 350 ng/ml
and 200 ng/ml, respectively.

Immunogenicity. As described by Ishida et al. (19), serum samples for the detection of ADAs were
collected on days 1 (predose), 29 (predose), 57 (predose), 85, 113, and 141 and at study completion (day
169) or at early termination. ADAs were detected using validated bridging immunoassays. Samples that
tested positive in the screening assay were further tested in a confirmatory assay (11).

Statistical methods. The statistical methods used to analyze patient demographic, efficacy, and
safety data and perform sample size calculations have been described previously (19). For RG7667 PK,
individual and mean serum concentration-time data for MCMV5322A and MCMV3068A were tabulated
and plotted. PK data analysis was performed using standard noncompartmental analysis in the Phoenix
WinNonlin (version 6.2) program (Certara, L.P., Princeton, NJ). Actual blood sampling times and actual
doses were used. Predose data below the lower limit of quantification were set to zero. Postdose data
below the lower limit of quantification were set to missing. The serum PK of MCMV5322A and
MCMV3068A were summarized by estimating the following parameters: the area under the serum
concentration-time curve (AUC), calculated using the log-linear trapezoidal rule (AUC from day 0
extrapolated to infinity [AUCinf], AUC from days 0 to 7 [AUC0 –7], AUC from days 56 to 63 [AUC56 – 63], AUC
from days 56 to 84 [AUC56 – 84]); the maximum observed serum concentration after the first and last (i.e.,
fourth) doses (Cmax_dose_1 and Cmax_dose_4, respectively); the minimum observed serum concentration
(Cmin) at 1 week after the first dose (Cmin_wk_1) and 4 weeks after the last dose was administered at day
57 (Cmin_wk_12); and the serum terminal half-life (t1/2) after the last doses (as appropriate for the data
collected). Total serum clearance (CL) and the volume of distribution at steady state (Vss) were also
determined. Estimates for these parameters were tabulated and summarized (mean and standard
deviation). Interpatient variability and drug accumulation based on Cmax, Cmin, and AUC following the first
and last doses were evaluated. The MCMV5322A and MCMV3068A serum concentration-time data were
compared to the data available from the phase 1 study of RG7667 (11).

A two-compartment PK model that was developed to describe the MCMV5322A and MCMV3068A PK
data observed in phase 1 (data not shown) was used to simulate the expected concentrations in the
phase 2a study of MCMV5322A and MCMV3068A. Monte Carlo simulations were performed for 1,000
subjects using NONMEM (version 7.2) software (ICON Development Solutions, Ellicott City, MD). The
effects of covariates on PK parameters and covariance between clearance and the volume of distribution
within the central compartment were not included in the simulation.

To analyze the exposure-response relationship, pharmacological activity (CMV viremia at week 12
and week 24 and the time to detectable CMV viremia on the basis of the number of viral copies in plasma
samples) was correlated with the observed exposure (Cmin_wk_12, AUC56 – 84, Cmin, and AUC after the first
week) to the single antibodies and/or the antibody combination by stratifying the exposures as greater
than or equal to the medians and less than the medians. Kaplan-Meier estimates were used to compare
virus-free status over time after treatment among the groups stratified by different exposure metrics. The
median times to detectable CMV viremia for each group were calculated from Kaplan-Meier curves, and
log-rank tests were performed for each subgroup versus the placebo group, with P values being shown
in Table 2. Relative dose intensity was calculated as the total actual dose divided by the total planned
dose during the study period before death/censoring occurred. A relative dose intensity of less than 1
indicates that patients did not receive the planned dose. All exposure-response analyses, including Cox
regression, were performed using S-plus software (Tibco Software Inc., Palo Alto, CA).
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