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ABSTRACT

The vasopressin-cAMP-osmolality axis is abnormal in autosomal dominant polycystic kidney disease (ADPKD). In
the Tolvaptan Efficacy and Safety in Management of Autosomal Dominant Polycystic Kidney Disease and lIts
Outcomes 3:4 Trial, a 3-year randomized, placebo-controlled trial in adults, the vasopressin V2 receptor antag-
onist tolvaptan slowed ADPKD progression in patients with preserved GFR. Here, we investigated the determi-
nants of baseline urine osmolality (Uosm) and its value as a severity marker of ADPKD, the factors influencing the
response to tolvaptan, and whether change in Uosm associated with key trial end points. At baseline, lower Uosm
independently associated with female sex, presence of hypertension, lower eGFR, higher total kidney volume
(TKV), and higher age. Tolvaptan consistently reduced Uosm by 200-300 mOsm/kg over 36 months. The Uosm
response to tolvaptan depended on baseline eGFR and Uosm. Subjects with greater change in Uosm
experienced a significant reduction in clinical progression events. Among subjects receiving tolvaptan, those
with a greater suppression of Uosm had slower renal function decline. Assessment at follow-up, off medication,
revealed a significant decrease in Uosm in both placebo and treated groups. Tolvaptan significantly increased
plasma osmolality, which returned to baseline at follow-up. In conclusion, baseline Uosm in ADPKD reflects age,
renal function, and TKV, and baseline Uosm, eGFR, and TKV influence the effect of tolvaptan on Uosm. The
greatest renal benefit occurred in subjects achieving greater suppression of Uosm, that is, those with better eGFR
at baseline. These results support the link between vasopressin V2 receptor signaling and ADPKD progression.
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Autosomal dominant polycystic kidney disease
(ADPKD) is the most frequent inherited nephrop-
athy, characterized by the appearance and slow
growth of fluid-filled cysts in the kidneys.1:? The
disease is caused by mutations in the PKDI or
PKD2 genes that encode the integral membrane
proteins, polycystin-1 and polycystin-2. The latter
form a functional complex localized in various
cellular domains including the primary cilium.
Mutations in PKD1/PKD2 alter intracellular cal-
cium homeostasis and, in turn, attenuate cyclic
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nucleotide phosphodiesterase activity, while raising
adenylate cyclase activity, resulting in elevated lev-
els of intracellular cAMP.3-> The chronically high
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intracellular cAMP levels are thought to act via calcium-
mediated regulatory pathways, including protein kinase A and
its downstream effectors, to induce cyst growth in ADPKD.®

On the basis of these observations, therapeutic interven-
tions that lower intracellular cAMP levels might be expected to
have significant benefit in ADPKD.” The antidiuretic hormone
arginine vasopressin (AVP) is a major inducer of cAMP pro-
duction in the distal nephron via its interaction with the va-
sopressin V2 receptor (V2R) and, hence, has been a major
focus of recent studies.® In human ADPKD cyst epithelial cells,
the V2R antagonist tolvaptan has been shown to inhibit cell
proliferation and chloride-dependent fluid secretion.” In ro-
dent models, V2R antagonism inhibited disease development
and either halted or caused regression of established disease.3>
Finally, in the pivotal Tolvaptan Efficacy and Safety in Man-
agement of Autosomal Dominant Polycystic Kidney Disease
and Its Outcomes 3:4 Trial (TEMPO 3:4; ClinicalTrials.gov
identifier: NCT00428948), long-term treatment with tolvaptan
significantly decreased kidney growth and kidney pain, while
slowing the decline in kidney function.!©

Continuous cyst expansion in ADPKD physically displaces
and obstructs renal tubules, blood vessels, and lymphatics, and
promotes apoptosis, atrophy, and fibrosis of the renal paren-
chyma.!! Although this ultimately leads to ESRD in a majority
of subjects, the first signs of renal function decline are not
typically seen until the third to fourth decades of life, due to
the slow growth rate of cysts and to the reflex hyperfiltration
carried out by unaffected nephrons.!! However, the capacity
of patients with ADPKD to concentrate urine is impaired
early, even in pediatric patients with intact GFR.!? Impor-
tantly, the cyst burden is not a prerequisite for defective os-
moregulation in ADPKD children,'213 consistent with the
observation that urinary concentrating defects precede renal
cyst development in animal models of ADPKD.!41> These
combined results suggest that urine osmolality (Uosm), as a
noninvasive marker of the urinary concentrating ability, may
serve as a useful biomarker of ADPKD.

In this study, we took advantage of available measurements of
osmoregulation parameters in a large ADPKD cohort to investi-
gate (1) the determinants of fasting Uosm in ADPKD; (2) whether
Uosm, as a marker of urine concentrating ability, may serve as a
substitute of disease severity in ADPKD; (3) the factors influenc-
ing the response to tolvaptan; and (4) whether changes in Uosm
during the TEMPO 3:4 trial associate with treatment outcomes.

RESULTS

Subject Characteristics

The demographic characteristics of the entire TEMPO 3:4
ADPKD study population have been reported previously.1%-16
In this post hoc analysis of fasting subjects, there were 1037 sub-
jects of whom 82% white, 52% men, and 39£7 years of age,and a
total kidney volume (TKV) of 17032930 ml and an eGFR of 81+
22 ml/min per 1.73 m”. Mean systolic and diastolic BP values
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were 127*13 and 82+ 10 mmHg, respectively. Concurrent med-
ications at baseline included diuretics in 1.4% (n=15), lipid-
lowering mediations in 13.2% (n=137), and antidepressants in
22.5% (n=233). The majority of subjects (72.2%, n=749) were
taking angiotensin converting enzyme inhibitors and/or angio-
tensin receptor blockers (Supplemental Table 1). These baseline
characteristics were similar to the population in the TEMPO
3:4 cohort.10

Determinants of Fasting Morning Baseline Uosm
Average Uosm at baseline was 504177 mOsm/kg with a nor-
mal distribution in the cohort (Supplemental Figure 1). Base-
line Uosm correlated negatively with age (P<<0.001, r*=0.041)
and TKV (P<0.001, r*=0.044), and positively with eGFR
(P<0.001, *=0.117) (Figure 1). The Uosm/plasma osmolality
(Posm) ratio, taken as an index of osmoregulation, showed
similar correlations with age (P<<0.001, *=0.050), TKV
(P<0.001, *=0.041), and eGFR (P<0.001, *=0.124) (Sup-
plemental Figure 2). In a univariate analysis, ADPKD subjects
in the lowest quartile (Q1) versus the highest quartile (Q4) of
baseline Uosm were more likely to be women (60% versus
41%, P=0.002), less often white versus other races (79% versus
90%, P<<0.001), more frequently hypertensive (84% versus 72%,
P=0.001), older (40 versus 36 years, P<<0.001), and shorter (171
versus 174 cm, P=0.005), with larger TKV (1762 versus 1335 ml,
P<0.001), lower eGFR (75 versus 95 ml/min per 1.73 m?,
P<0.001), and higher albumin-to-creatinine ratio (9.7 versus
4.9 mg/mmol, P<<0.001), respectively (Table 1). In a multivariate
regression analysis that included all individual significant vari-
ables (Table 2), sex, race, presence of hypertension, baseline TKV,
and baseline eGFR significantly associated with baseline Uosm.

Aquaresis and Osmoregulation in Response to
Tolvaptan

The initial response to tolvaptan was evaluated by assessing the
change in Uosm from baseline to end of titration (EOT, cor-
responding to titration to the highest tolerable dose from day 1
toweek 3 after each 1-week safety assessment) in 666 subjects.'©
The most common side effects limiting the dose escalation
were related to increased aquaresis (thirst, polyuria, pollakiu-
ria, nocturia, and polydipsia), as reported previously.!?
The initial decline in Uosm in response to tolvaptan corre-
lated significantly and positively with baseline Uosm
(P=0.003, ¥*=0.24) and eGFR (P<0.001, *=0.060) (Figure 2A),
and the average daily dose of tolvaptan at EOT (Table 3). Of
note, although Japanese participants demonstrated a lower
baseline Uosm before treatment, their response to tolvaptan
was similar to that of non-Japanese subjects (data not shown).
The majority of subjects receiving tolvaptan (n=539, 81%)
achieved a Uosm<<300 mOsm/kg, contrasting with only
17% (n=>58) in the placebo group (Figure 2B).

Treatment with tolvaptan resulted in a sustained and sig-
nificant decrease in Uosm throughout the study, compared
with baseline and to the concurrent placebo group (Figure
3A). There was a moderate but significant increase in Uosm
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Figure 1. Factors correlating with Uosm in the ADPKD population
at baseline. Correlations of fasting baseline Uosm with age, TKV,
and eGFR in the ADPKD population.

in tolvaptan-treated subjects from EOT to month 36 (from
198108 to 239+ 117 mOsm/kg, respectively, P<0.001). This
may be explained in part due to a reduction in the average daily
dose of tolvaptan from approximately 110 mg/d to approxi-
mately 97 mg/d from EOT to month 36, respectively (Supple-
mental Table 2). There was a significant decrease from baseline
Uosm in both tolvaptan- and placebo-treated subjects that
completed the study and provided a fasted urine sample at
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their follow-up visit (placebo, n=271: baseline 514+ 186 ver-
sus follow-up 437=*155 mOsm/kg, P<<0.001; tolvaptan,
n=525: baseline 500173 versus follow-up 421+167
mOsm/kg, P<<0.001). There was no significant correlation be-
tween changes in Uosm from baseline to follow-up and the
annual TKV growth rate over 3 years in the placebo group
(correlation coefficient —0.01184, P=0.74). The Uosm/Posm
ratios at follow-up were significantly lower than the baseline
values in each arm (placebo, n=265: baseline 1.75*0.64 versus
follow-up 1.49%0.53, P<<0.001; tolvaptan, n=517: baseline
1.70%0.59 versus follow-up 1.44+0.57, P<<0.001), the values
being similar between groups. Of note, mean Uosm was sim-
ilar at each time point in completers versus noncompleters of
the study (Supplemental Figure 3).

Changes in estimated Posm during the trial are shown in
Figure 3B. Compared with the placebo group, exposure to
tolvaptan induced a significant increase in Posm, which was
highest at EOT and returned to baseline at follow up (Supple-
mental Table 3). No significant changes in Posm were seen in
the placebo group.

Uosm and Clinical Outcomes

All subjects participating in the TEMPO 3:4 trial were instructed
to increase their water intake and drink in advance of thirst.
Evidence that this recommendation was followed is suggested
by the significant decrease in Uosm from baseline to EOT in
the placebo group (baseline, 514*+186 versus EOT, 450+187
mOsm/kg, P<<0.001). Because water intake and 24-hour-urine
volumes were not obtained (to avoid unblinding of physicians to
treatment arm), we analyzed the evolution of the Uosm/Posm
ratio between baseline and EOT as an index of fluid intake.!” As
shown in Supplemental Table 4, the tolvaptan group was char-
acterized by a major fall in the Uosm/Posm ratio, reflecting a large
decrease in Uosm and a significant increase in Posm at EOT. A
significant decrease in the Uosm/Posm ratio, which primarily
reflected a significant fall in Uosm, was observed in the placebo
group—supporting a higher water intake.

We next evaluated whether changes in Uosm from baseline to
EOT were associated with clinical progression events of worsen-
ing renal function and kidney pain in the trial population (Figure
4). In the total population, subjects with a greater suppression in
Uosm (Q1, negative change >—376 mOsm/kg) experienced a
two-fold reduction in the occurrence of clinical progression
events versus those with the smaller suppression (Q4, negative
change <—57 mOsm/kg) (12.1% versus 23.3%, respectively,
P<0.001), as confirmed by Kaplan—Meier analysis (Figure
4A). A similar trend (between QI and Q3) was observed for
the placebo (Figure 4B) and tolvaptan (Figure 4C) subjects an-
alyzed separately, although the fact that the vast majority of
patients in the tolvaptan group had a major decrease in Uosm
(ceiling effect) prevented a good separation.

Because individuals in whom tolvaptan produced a larger fall
in Uosm did better, presumably because they had a less advanced
renal disease at baseline, we evaluated whether benefit continues
to increase as achieved Uosm declines, or whether there is a Uosm
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Table 1. Baseline characteristics of the study population stratified according to quartiles of baseline fasting Uosm

Parameter Q1 (n=259) Q2 (n=258) Q3 (n=259) Q4 (n=261) P Value

Uosm, mOsm/kg, mean=SD 280+77 449+34 558+35 729+101
Men, % 40.9 54.7 51.4 59.8 0.002
White, % 79.2 74.8 84.6 89.7 <0.001
Hypertension, % 84.2 87.2 79.5 72.4 0.001
Medications, %

Antihypertensives 73.8 79.5 72.2 63.6 0.01

Diuretics 0.8 0.4 0.4 0.4 0.94

Lipid-lowering 16.2 14.0 13.1 9.6 0.15

Antidepressants 11.6 9.7 1.2 9.6 0.83
Age, yr 39.9 39.4 38.5 36.4 <0.001
Height, cm 170.9 173.6 172.5 174.3 0.01
Body weight, kg 76.1 78.4 78.6 80.3 0.06
TKV, ml 1762 2013 1705 1335 <0.001
eGFR (CKD-EPI), ml/min per 1.73 m? 75.4 73.5 81.2 94.9 <0.001
Creatinine, mg/d| 1.095 1.141 1.043 0.928 <0.001
ACR, mg/mmol 9.7 9.7 7.1 4.9 <0.001
BMI, kg/m2 25.9 25.8 26.3 26.3 0.19

Q1-Q4, quartiles 1-4; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; ACR, albumin-to-creatinine ratio; BMI, body mass index.

level below which no further benefit is obtained. We analyzed the
annual change in eGFR as a function of Uosm at the EOT phase
(highest tolerable dose) in tolvaptan-treated subjects (Supple-
mental Table 5): there was no significant trend between these
parameters, indicating that there is no additional benefit to de-
crease Uosm <250 mOsm/kg. The lack of benefit from reducing
Uosm <250 mOsm/kg was also true for the composite secondary
end point and for the renal pain events or renal function events.
Instead, these events were more frequently observed in subjects
with lower Uosm, probably reflecting the more severe disease at
time of tolvaptan initiation (Supplemental Table 5).

We next investigated the relationship between Uosm and eGFR
in the context of tolvaptan treatment (Figure 5). The relationship
between baseline Uosm and eGFR outcomes (quartiles of annual
eGEFR slope over 3 years) for the whole population and for each
treatment arm are shown in Figure 5, A and B, respectively. A
significant relationship between higher Uosm at baseline and a
less negative slope of eGFR was observed in both treatment
groups, supporting that ADPKD subjects with higher baseline
Uosm experience slower renal function decline. In the placebo
group, baseline Uosm significantly predicted the annual change
in eGFR (P=0.002), with persistence of a trend (P=0.06) after
adjustment for baseline eGFR and TKV.

Average Uosm achieved during the trial correlated positively
with baseline eGFR in placebo and tolvaptan groups with, as
expected from the action of tolvaptan, a clear separation of
Uosm levels between the two groups (Figure 5C). The relation-
ship between Uosm suppression (i.e., change in Uosm from base-
line to EOT) and renal function decline is shown in Figure 5D. In
the tolvaptan group, subjects with higher change in Uosm at EOT
showed a slower renal function decline over the 3 years. This
association was not observed in the placebo group. When con-
sidering the annualized eGFR decline in both groups (Supple-
mental Table 6), slow progressors experienced a greater reduction
in Uosm compared with fast progressors in the tolvaptan group

J Am Soc Nephrol 28: 1592-1602, 2017

whereas no significant difference was observed in the placebo
group, characterized by a much smaller level of Uosm suppres-
sion. A sensitivity analysis verified that the baseline eGFR was a
key determinant of both change in Uosm and eGFR slope in both
tolvaptan and placebo subjects (Supplemental Figure 4).

DISCUSSION

Multiple lines of evidence have implicated AVP and cAMP in
the pathogenesis and progression of ADPKD.!8 Our study

Table 2. Multivariate regression analysis investigating the
effect of various parameters on baseline fasted Uosm

Variable Coeffu:lent SEM P Value
(Anti-Log)
Age, yr 0.999 1.002 0.62
Sex 1.131 1.034 0.003
Race (white versus nonwhite) 1.068 1.034 0.048
Hypertension 0.901 1.048 0.03
Log of baseline TKV, ml 0.746 1.073  <0.001
Baseline eGFR (CKD-EPI), 1.004 1.001 <0.001
ml/min per 1.73 m?

Albumin/creatinine ratio, mg/mmol 0.999 1.001 0.13

Fasted Uosm is expressed in (log Uosm). Baseline eGFR, TKV, hypertension
status, race, and sex significantly affect baseline Uosm. For continuous vari-
ables, such as baseline eGFR, when other factors are held constant, the
baseline Uosm increases 1.004 times for every 1 ml/min per 1.73 m? increase
in baseline eGFR. For baseline TKV, for a multiplier change, the baseline
Uosm will be changed by times the 0.746 power of the multiplier. For ex-
ample, if the multiplier is equal to 2 (doubling of TKV), the baseline Uosm will
be changed to the original Uosm times 2/0.746. For binary variables, such as
race or hypertension status, when other factors are held constant, a white
subject has a baseline Uosm 1.068 times a nonwhite subject; a subject with
hypertension has a baseline Uosm 0.901 times a nonhypertension subject;
and a male subject has a baseline Uosm 1.131 times a female subject. CKD-
EPI, Chronic Kidney Disease Epidemiology Collaboration; ACR, albumin-to-
creatinine ratio

Urine Osmolality in ADPKD 1595
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Figure 2. Influence of baseline characteristics on the response to tolvaptan and distribution of Uosm during the trial. (A) Effect of
baseline Uosm and baseline eGFR on the magnitude of change in Uosm (EOT compared with baseline) induced by tolvaptan in 666
patients with ADPKD. (B) Distribution of average Uosm during the trial in the tolvaptan (n=666) and placebo (n=332) groups (percentage

of patients for each threshold of Uosm as indicated).

provides the first detailed assessment of Uosm, a parameter
that directly reflects the action of AVP in the kidney, at baseline
and after long-term administration of tolvaptan in a large,
multi-center cohort of ADPKD subjects with preserved renal
function. At baseline, Uosm in ADPKD subjects correlated
negatively with age and TKV and positively with eGFR. By
multivariate analysis, Uosm is affected by sex, presence of hy-
pertension, TKV, and eGFR. Treatment with tolvaptan re-
duced Uosm by 200-250 mOsm/kg with no loss of effect
over 36 months. The initial response to tolvaptan was influ-
enced by baseline eGFR and Uosm. In both treatment groups,
subjects with higher Uosm at baseline experienced slower re-
nal function decline over the 3 years. Subjects with a greater

1596 Journal of the American Society of Nephrology

suppression in Uosm—and thus a better eGFR at baseline—
experienced a significant reduction in the occurrence of clin-
ical progression events. At follow-up, there was a significant
decrease in Uosm over the 3 years in both placebo and treated
groups, reflecting progression of ADPKD and/or modified
drinking behavior.

Defective urinary concentration is one of the first manifes-
tations of ADPKD.® Early studies on small cohorts showed that
the defect was more evident in subjects with large kidneys.!®
A peripheral resistance to vasopressin, potentially explained by
cystic lesions affecting the interstitial osmotic gradient, has
been suggested.!213 We evaluated the determinants of fasting
Uosm at baseline: the opposite correlations between Uosm

J Am Soc Nephrol 28: 1592-1602, 2017



Table 3. Average Uosm in response to tolvaptan or placebo
(EQT) and corresponding baseline eGFR
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e e Average Dose Baseline
EOT, mOsm/kg Treatment (N) of Tolvaptan eGFR, ml/min

! at EOT, mg/d  per 1.73m?
<200 Tolvaptan (324) 104 77.1+£20.4
Placebo (15) — 84.3+21.9

200-<300 Tolvaptan (215) 97 80.2+20.5
Placebo (43) — 76.2+18.9

300-<400 Tolvaptan (92) 92 89.3+215
Placebo (66) — 74.9+23.0

400-<500 Tolvaptan (31) 92 93.1£19.6
Placebo (101) — 79.3%£22.1

=500 Tolvaptan (4) 67 102+24.1
Placebo (107) — 91.6+22.7

eGFR values are mean+SD. —, not dosed.

and TKV and eGFR, as well as the multivariate analysis, sup-
port the influence of kidney structure and function on urinary-
concentrating ability in ADPKD. Most complications in
ADPKD depend on the number, size, and location of kidney
cysts. Larger kidneys predict functional decline,?® and they are
associated with lower Uosm in this cohort. The effect of age
on Uosm is also expected: in addition to disease progression,
multiple abnormalities in the central release of AVP and its
renal effects have been described in association with aging.?!
Those changes may include a progressive decrease in the V2R
expression/function in the distal nephron.?? It should be
pointed out that the strength of the associations between fast-
ing Uosm and various parameters at baseline was relatively
modest, being valuable owing to the large number of subjects
studied. These data nevertheless support the value of fasting
Uosm as a noninvasive, integrative marker of the state of kid-
ney disease in ADPKD.

By univariate analysis, ADPKD subjects in the lowest Uosm
quartile were more likely to be women, nonwhite, hyperten-
sive, older, shorter, and have larger kidneys and lower eGFR.
Among these factors, only female sex, presence of hyperten-
sion, TKV, and baseline eGFR were independently predictive of
Uosm. If hypertension and eGFR are known to reflect the
disease progression in ADPKD, the effect of sex on Uosm in
our cohort should be emphasized. It is generally estimated that
ADPKD is less progressive in women than in men.? Further-
more, women have a better response to AVP or its analog
desmopressin, reflecting possible higher levels of V2R
(X-linked) expression than in men.?3?4 Taken together, these
effects should rather be reflected by higher Uosm in women.
Conversely, physiologic studies have found greater 24-hour
urinary AVP excretion,?®> and higher plasma AVP levels, in
men compared with women.2¢ Preclinical studies in conscious
rats have shown that, after 24 hours of water deprivation,
urine flow was significantly higher and Uosm lower in females
than in males.?” In addition, women may be more prone to
abundant water drinking, a practice thatis currently advised in
most ADPKD clinics.?8
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Figure 3. Evolution of Uosm and Posm during exposure to tol-
vaptan or placebo. (A) Uosm (fasting baseline and follow-up visits
and nonfasting visits included). (B) Estimated Posm at the same
time points. M12, Month 12; M24, Month 24; M36, Month 36; FU,
Follow-up; BL, Baseline.

This study allowed for the analysis of factors that influence
the initial response to tolvaptan in ADPKD subjects. At EOT,
81% of the subjects had a Uosm<<300 mOsm/kg, a proportion
similar to that reported in a preliminary study.?® It is impor-
tant to note that the initial aquaretic response is closely related
to the state of disease, as indicated by eGFR and Uosm, as well
as the dose of tolvaptan. Previous studies in non-ADPKD sub-
jects have shown that impaired renal function (24-hour cre-
atinine clearance <60 ml/min) attenuated the aquaretic
response to administration of a single oral dose of tolvaptan,
despite higher exposure to the drug.3® A significantly lower
response in terms of urine volume was also observed when
comparing ADPKD patients with eGFR>60 ml/min per
1.73 m* and those with eGFR<\30 ml/min per 1.73 m*.3! Con-
versely, there was not influence of ethnicity because a similar
response was observed in Japanese versus white subjects
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Figure 4. Change in Uosm from baseline to EOT and time to multiple ADPKD clinical
progression events in the ADPKD population. Quartiles of changes in Uosm from
baseline to EOT are presented for the whole population (A) and the placebo (B) and
tolvaptan (C) groups, in relation to ADPKD clinical progression events defined as
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(14% versus 86% in both placebo and tol-
vaptan groups, respectively), despite dis-
tinct NaCl intake at baseline.

The longitudinal assessment of Uosm
over >3 years revealed that treatment
with tolvaptan reduced Uosm by 250-300
mOsm/kg (versus baseline) with no loss of
effect over time. The slight but significant
increase in Uosm observed over time in the
tolvaptan group probably reflected at least
in part a slight decrease in the average drug
dose during the trial. The changes in Uosm
explain why almost 80% of ADPKD sub-
jects who received tolvaptan (752 of 961,
78%) reported adverse events related to in-
creased aquaresis (i.e., polyuria, pollakiuria,
polydipsia, nocturia, and thirst). The aqua-
retic effect of tolvaptan was reflected by sig-
nificant changes in estimated Posm, with a
larger increase (average +2.7 mOsm/kg)
observed at EOT. The changes in Uosm
and Posm in the tolvaptan-treated subjects
were fully reversible at the follow-up visit
(washout). The significant decrease in Uosm
and Uosm/Posm ratio at follow-up, which
was similar in the tolvaptan and placebo
groups, could reflect the composite effect
of the progression of ADPKD as well as
changes in the drinking behavior. Of note,
there was no significant correlation between
changes in Uosm from baseline to follow-
up and the annual TKV growth rate in the
placebo group.

Our results support the use of Uosm as
guidance to tolvaptan treatment—a mea-
sure that has been adopted by a regulatory
agency (Health Canada). The latter states
that fasting morning Uosm provides the
best guidance for dosing decisions to en-
sure target Uosm (e.g., ideally <300
mOsm/kg) is achieved to ensure complete
AVP suppression.3? We also show that there
is no additional benefit to decrease Uosm
<250 mOsm/kg. Should it be recom-
mended to stop tolvaptan if Uosm does
not decrease sufficiently? As mentioned
above, 81% of subjects receiving tolvaptan
achieved a Uosm<300 mOsm/kg at EOT.
In very rare cases, an activating mutation in
the V2R could explain a patient’s resistance
to tolvaptan treatment.33> We would antic-
ipate in a subject with this type of activating
mutation that the treatment with tolvaptan
would fail to have the expected action on
Uosm or on improved disease progression.
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Figure 5. Relationship between Uosm and eGFR outcome during the trial. (A) Relationship between mean baseline Uosm and quartiles of
annual eGFR slope over 3 years in the total population. The proportion of tolvaptan (blue shaded boxes) and placebo (red shaded boxes) for
each quartile are represented as a stacked bar chart with decreasing eGFR slope from dark to light (<—4.5 to =—0.7 ml/min per 1.73 m?).
Slower progression is reflected by a progressively higher Uosm at baseline and a higher proportion of treatment with tolvaptan. (B) Re-
lationship between mean baseline Uosm and quartiles of annual eGFR slope over 3 years in tolvaptan (blue shaded boxes; darkest to
lightest, <—4.5 to =—0.6 ml/min per 1.73 m?) and placebo groups (red shaded boxes; darkest to lightest, <—5.8 to =—1.3 ml/min per
1.73 m?). Arrows indicate the significant trend between increased Uosm at baseline and slower rate of eGFR decrease as tested by ANOVA.
Slower progression is reflected by a progressively higher Uosm at baseline in both groups. (C) Correlation between baseline eGFR and
average Uosm during the trial (blue symbols, tolvaptan; red symbols, placebo). (D) Relationship between change in Uosm (EOT compared
with baseline) and quartiles of annual eGFR slopes over 3 years in tolvaptan (blue shaded boxes; darkest to lightest, <—4.5 to >—0.6 ml/
min per 1.73 m?) and placebo groups (red shaded boxes; darkest to lightest, <—5.8 to >—1.3 ml/min per 1.73 m?). Arrows indicate a
significant trend between change in Uosm and slower rate of eGFR decrease in the tolvaptan group, as tested by ANOVA. Slower pro-

gression is reflected by a higher initial response to Uosm in the tolvaptan but not in the placebo group. Q1-Q4, quartiles 1-4.

Given the rarity of this condition, alack of sufficient change in
Uosm should not be used as a sole reason for drug discontin-
uation before excluding the more likely possibility of poor
patient compliance or inadequate dose which may be limited
by tolerability.

The protocol of the TEMPO 3:4 trial required standardiza-
tion of background clinical care including management of BP
and restricted use of diuretics, as well as dietary and standard
fluid ingestion recommendations. In particular, all subjects
were asked to drink enough water to prevent thirst throughout
the daytime period and an additional one to two cups of water
before bedtime.!® The initial suppression of Uosm (either due
to increased water intake or treatment with tolvaptan) is neg-
atively associated with the occurrence of clinical progression

J Am Soc Nephrol 28: 1592-1602, 2017

events in the whole cohort. In subjects receiving tolvaptan, there
was a strong, inverse relationship between the magnitude of the
aquaretic response and the loss of renal function during the study.
By contrast, this effect was not observed in the placebo group.
When interpreting these data, one should take into account the
distinct magnitude (average decrease in Uosm at EOT: —65
versus —300 in placebo versus tolvaptan, respectively) and mech-
anism (primary water intake versus V2R blockade causing a ceil-
ing effect, respectively) of aquaresis in these two groups. The
response to V2R, as reflected by Uosm, is indeed fundamentally
dependent on the renal function as evidenced by the multivariate
analysis for baseline parameters (Table 2).

The analyses presented here allow us to address two addi-
tional clinical issues. The first is whether solely drinking (without
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use of tolvaptan) is sufficient to decrease the progression of
ADPKD. If experimental data suggest that increasing water intake
may slow down the progression of ADPKD,34 data from random-
ized trials are lacking. As mentioned above, the fact that all par-
ticipants were asked to drink abundantly during the trial may have
led to an underestimation of the beneficial effects of tolvaptan.
The kidney growth rate in TEMPO 3:4 was indeed lower in the
placebo group than in the control groups of previous ADPKD
trials (6.8% versus 11.8% per year, respectively'?). Conversely,
high urine volume and low Uosm have been shown to be in-
dependent risk factors for faster GFR decline in a retrospective
analysis of the Modification of Diet in Renal Disease study, in-
cluding 139 patients with ADPKD.3> More recently, Higashihara
et al. reported that high water intake enhanced disease progres-
sion in a cohort of 18 patients with ADPKD, compared with 16
control patients (free water intake).3° These results are challeng-
ing to interpret as the high water and standard water groups were
not randomized but were rather left to the choice of the partici-
pating subject. A specifically designed clinical trial would be nec-
essary to determine the effectiveness of chronic, high water intake
on disease progression and how the effect would compare with
tolvaptan. Because of the reactivity of vasopressin release and its
short half-life, a sustained water intake would be required to
achieve prolonged inhibition of the V2R signaling. In a small
pilot study, Wang et al. demonstrated that 5 of 8 subjects were
able to decrease their mean 24-hour Uosm <285 mOsm/kg with
increased water intake for 1 week.3” It would be more difficult to
sufficiently suppress vasopressin during prolonged periods of
time with water alone, as the volume and frequency of water
intake is highest during waking hours.38 It should also be pointed
out that factors including salt and/or protein depletion poten-
tially limit water intake in ADPKD, with development of hypo-
natremia being a concern.?*

The second issue is the prognostic value of fasting Uosm at
baseline to predict disease progression in ADPKD subjects. For
the specific population studied here, high baseline fasting
Uosm is agood predictor for eGFR over 3 years, both in placebo
and tolvaptan groups (Figure 5, A and B). In view of our mul-
tivariate analysis, which clearly shows the integrative nature of
Uosm, the prognostic value of fasting Uosm cannot be untan-
gled from TKV and eGFR. Predictive scores on the basis of
TKV and genetic information remain limited by cost, avail-
ability, and expertise required to obtain such parameters.3®
Determination of Uosm is noninvasive, affordable, conve-
nient, and of recognized value as an integrative marker of renal
function and of disorders of osmoregulation.>4° Future stud-
ies are necessary to test whether Uosm could improve or com-
plete the existing scores to predict renal outcome in patients
with ADPKD.

Our study combines the advantages of the first, centralized
assessment of Uosm in a large, multicentric, and multiethnic
study. The parameters were obtained at baseline and during a
36-month intervention with tolvaptan or placebo, and they
were correlated with reliable indicators of renal function and
disease progression (TKV measured by magnetic resonance
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imaging). Limitations of this study include the fact that subjects
were asked to drink abundantly during the trial, which may
influence the natural evolution of the disease in the control
group; the fact that most subjects had hypertension at baseline,
with associated antihypertensive and other medications; and
the fact that the baseline and follow-up samples were obtained
in the fasting state, whereas intermediate samples during the
study were nonfasting. These different conditions may have an
effect on the variations presented in the study—in particular
between baseline and EOT—because water intake and alimen-
tation are well known to influence Uosm#!; and finally,
ADPKD per se is associated with defects in AVP release/action,
which could affect the interpretation of Uosm.®34 Variations
in copeptin, a surrogate marker of AVP that is inversely asso-
ciated with eGFR and positively with Uosm and simple cysts in
the general population,*? should also be analyzed in the con-
text of the TEMPO 3:4 trial.

In summary, these results provide the first longitudinal
analysis of osmoregulation parameters in a large cohort of
ADPKD subjects. They show the determinants of baseline
Uosm, demonstrate the effectiveness of tolvaptan over 36
months, and decipher the factors associated with the response
to the drug. In both treatment groups, subjects with a greater
suppression in Uosm—and thus a better eGFR at baseline—
experienced a significant reduction in the occurrence of clin-
ical progression events. Altogether, these analyses support the
link between vasopressin V2R signaling and renal disease pro-
gression in ADPKD.

CONCISE METHODS

Study Design
This study was a prespecified and post hoc, exploratory subanalysis of
the TEMPO 3:4 study (12), a phase 3, multicenter, double-blind,
placebo-controlled, 3-year trial assessing the efficacy and safety of
tolvaptan in subjects with ADPKD.'® ADPKD subjects with a
TKV=750 ml measured by magnetic resonance imaging, a creatinine
clearance =60 ml per minute as estimated by the Cockcroft—Gault
formula, and between the ages of 18 and 50 years participated. A total
of 1445 eligible subjects were randomly assigned in a 2:1 ratio to
receive either tolvaptan (1=961) or matching placebo (n=484). After
randomization, subjects received two doses of study drug per day for 3
years, initiated with a 3-week titration period. During the first week of the
titration period, the active arm received tolvaptan at a dose of 45 mg in
the morning and 15 mg in the afternoon. These doses were increased to
60 mg/30 mg and 90 mg/30 mg in weekly intervals on the basis of sub-
ject-reported tolerability. The maximal dose at week 3 (EOT) was defined
as the highest tolerable dose, mostly related to increased aquaresis (thirst,
polyuria, pollakiuria, nocturia, and polydipsia) events.!®16

After the titration phase of the study, subjects were able to up- or
down-titrate on the basis of tolerability throughout the remaining
study period. To offset the water loss due to the aquaretic effect of
tolvaptan, diuretics were avoided and water intake was encouraged in
advance of thirst in the study population.
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Assessments
Strictly fasting morning (ideally, second void) spot urine samples were

collected before drug administration to determine trough Uosm at
randomization (baseline) and at follow-up which occurred 14-42
days after the last dose of study medication. Nonfasting morning
spot urine samples were collected before the morning dose at the
end of the titration period (EOT, 3 weeks) and at months 12, 24,
and 36. Only subjects that indicated their baseline sample was a fast-
ing urine were included in the analysis (tolvaptan 700 of 899 [78%],
placebo 337 0f 472 [71%]). Uosm was centrally measured (freezing point
depression osmometry) using an Advanced Instruments Osmometer
Model 220 (Advanced Instruments Inc, Norwood, MA). The system
has an intra-assay and interassay precision (coefficient of variation) of
0.8% and 0.25%, respectively. Other assessments, including plasma
parameters, TKV, and eGFR (Chronic Kidney Disease Epidemiology
Collaboration), were performed as described previously.!®!¢ Posm
was calculated using the following formula: Posm = 2 X Sodium +
(Glucose/18) + (Blood urea nitrogen/2.8). Blood and urine samples
were obtained on the same day per protocol. The composite secondary
end point was the time to investigator-assessed clinical progression, de-
fined as worsening kidney function (a 25% reduction in the reciprocal of
the serum creatinine level from the value at the end of the dose-
adjustment period); clinically significant kidney pain necessitating med-
ical leave, pharmacologic treatment (narcotic or last-resort analgesic
agents), or invasive intervention; worsening hypertension (changes in
BP category, as defined in the protocol, or worsening of hypertension
requiring an increase in hypertensive treatment); and worsening albumin-
uria (according to sex-specified categories as defined in the protocol).!°

Statistical Analyses
Only fasted subjects at baseline were included (#=1037) in these analyses.

The annual eGFR change was calculated on the basis of: (month 36 —
EOT/Week 3)/3, and distributed into quartiles. The treatment effect was
evaluated by analysis of covariance with treatment groups treated cate-
gorically and baseline values treated as a covariate. Subjects with missing
average Uosm data were omitted. Trend tests were conducted by
ANOVA, analysis of covariance, or Cochran—Armitage analyses, as ap-
propriate. P values for comparing binary baseline characteristics were
calculated by Fisher exact test, whereas P values for comparing contin-
uous baseline characteristics were generated by Wilcoxon test. Compar-
ison between visits was performed by Wilcoxon signed ranked test.
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Suppl. Table 1: Baseline demographics of the ADPKD subjects, by treatment arm.

Tolvaptan Placebo
Total
(N=700) (N=337)
Parameter (N=1037)

Male, n (%) 366 (52.3) 170 (50.5) 536 (51.7)
Age yrs, mean (SD) 38.4 (7.0) 38.7 (7.3) 38.5(7.1)
Blood Pressure mmHg, mean
(SD)

Systolic 127 (13.0) 127 (13.2) 127 (13.0)

Diastolic 81.9 (9.9) 82.2 (94) 82.0 (9.7)
Race, %

Caucasian 81.9 82.5 82.1

Asian 14.7 14.2 14.6

Other 4.4 43 34
eGFR CKD-EPI
mL/min/1.73m’, mean (SD) 80.9 (21.2) 82.1(23.1) 81.3 (21.8)
TKV mL, mean (SD) 1713 (938) 1681 (914) 1703 (930)
Urine Osmolality mOsm/kg,
mean (SD) 500 (173) 514 (186) 504 (177)
Concomitant Medication, % (N)

Antihypertensives 72.3 72.1 743 (71.7)

Lipid Lowering Drugs 13.6 12.5 137 (13.2)

Anti-depressants 10.7 10.1 233 (22.5)

Abbreviations: TKV, total kidney volume; eGFR, estimated glomerular filtration rate; CKD-EPI,
Chronic Kidney Disease Epidemiology Collaboration.



Suppl. Table 2: Change from baseline in urine osmolality, per treatment arm.

Average Change in Uosm from
Dose Baseline

Visit Treatment (mg/day) Mean = SD (N) p-value
Tolvaptan 110 -300 + 186 (657

End of P (037 <0.0001
Titration Placebo 117 -65 £ 184 (330)
Tolvaptan 100 -265 £ 186 (592)

Month 12 <0.0001
Placebo 113 -63 £ 189 (312)
Tolvaptan 97 -259 £ 181 (554)

Month 24 <0.0001
Placebo 111 =75 = 181 (291)
Tolvaptan 97 -254 + 186 (523)

Month 36 <0.0001
Placebo 111 -85+ 175 (280)
Tolvaptan -73 £174 (525)

Follow-Up 0.6553
Placebo -81 £167 (271)

Abbreviation: Uosm, urine osmolality.



Suppl. Table 3: Change from baseline in estimated plasma osmolality, per treatment arm.

Change in Posm from Baseline

Visit Treatment Mean = SD (N) p-value
Tolvaptan 2.67 +5.55(659)

End of Titration <0.0001
Placebo -0.46 +£5.21 (333)
Tolvaptan 1.49 + 6.02 (586)

Month 12 0.0005
Placebo 0.21 +£5.32 (312)
Tolvaptan 1.61 £6.01 (552)

Month 24 0.0038
Placebo 0.37 £5.81 (295)
Tolvaptan 2.03 £6.19 (528)

Month 36 0.0013
Placebo 0.64 +5.74 (284)
Tolvaptan 0.16 £5.93 (531)

Follow-Up 0.1676
Placebo 0.64 +5.98 (276)

Abbreviation: Posm, estimated plasma osmolality.



Suppl. Table 4: Change in urine and plasma osmolality levels from baseline to end of titration in
the placebo and tolvaptan groups.

Tolvaptan Placebo
“Baseline Change from Baseline = Change from

Mean Baseline Mean Baseline

(SD) Mean (SD) p-value (SD) Mean (SD) p-value
Posm 293 +2.67 293 -0.46
(mOsm/kg)  (4.96) (555 0000010 (5.21) 0.069
Uosm 500 -300 514 -65.1
(mOsmkg)  (173) (186) <0.0001 1 156) (184) ~ ~0.0001
Ratio of 1.70 -1.03 1.75 -0.22
Uosm:Posm  (0.59) 064y 000011 65 063 00001

Abbreviations: Posm, estimated plasma osmolality; Uosm, urine osmolality.



Suppl. Table 5: Annual change in eGFR and occurrence of composite ADPKD events by
quartiles of mean urine osmolality at end of titration in tolvaptan treated subjects.

Mean Uosm at EOT
(mOsm/kg)
Q1 Q2 Q3 Q4 p-value
<122 122, <171 171, <251 >251 for

(N=156) (N=160) (N=158) (N=158) trend
Baseline Uosm
(mOsm/kg) 461 461 514 548
Baseline eGFR -
CKD-EPI 77.2 73.3 74.4 80.9
(mL/min/1.73m?)
levgglfngg}oa‘égf n -2.89 -2.98 -2.69 -1.86 0.55
(mL/min/1.73m%yr) (-3.53,-2.04) (-3.44,-237) (-3.26,-1.94) (-2.23,-1.36)
N of subjects with
composite 110 92 94 85 0.006°
secondary end point (70.5) (57.5) (59.5) (53.8)
events ( %)"
N of subjects with 29 25 21 15 0.017¢
renal pain events or (18.6) (15.6) (13.3) (9.5)

renal function
events (%)°

Abbreviations: Uosm, urine osmolality; EOT, End of titration; eGFR, estimated glomerular

filtration rate; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration.

* The composite secondary end point was the time to investigator-assessed clinical progression,

defined as worsening kidney function (a 25% reduction in the reciprocal of the serum creatinine

level from the value at the end of the dose-adjustment period, reproduced after at least 2 weeks);

clinically significant kidney pain necessitating medical leave, pharmacologic treatment (narcotic

or last-resort analgesic agents), or invasive intervention; worsening hypertension (changes in

blood-pressure category or worsening of hypertension requiring an increase in hypertensive

treatment); and worsening albuminuria.

® Renal pain events and renal function events are defined as above.

¢, p-value for trend derived from the Cochran-Armitage test.



Suppl. Table 6: Change in urine osmolality in fast and slow progressors (as determined by the
highest and lowest quartiles of eGFR slopes during the trial).

Change Uosm (EOT - Baseline)

Mean £ SD (N), mOsm/Kg
Fast Progressors: Slow Progressors:
Treatment eGFR Q1 (N) eGFR Q4 (N) p-value
Tolvaptan -229+ 169 (119) -293 £199 (123) 0.0061
Placebo -67 + 137 (69) -82 + 190 (68) 0.6129

Quartiles of annual eGFR slopes over 3 years were, for tolvaptan:

Q1, <-4.5 mL/min/1 .73m2/year and Q4, 2-0.6 mL/min/1 .73m2/year;

and for placebo: Q1, <-5.8 mL/min/1.73m? /year and Q4, >-1.3 mL/min/1.73m?/year.
Abbreviations: EOT, End of titration; Uosm, urine osmolality; eGFR, estimated glomerular

filtration rate.



Suppl. Figure 1: Distribution of baseline urine osmolality in the 1037 ADPKD subjects.
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Suppl. Figure 2: Correlations of baseline urine:plasma osmolality ratio with age, total kidney
volume (TKV) and eGFR in the ADPKD population.
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Suppl. Figure 3: Mean urine osmolality in completers and non-completers.
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Suppl. Figure 4: Influence of baseline eGFR (tertiles) on the changes in urine osmolality (from
baseline to EOT) and the slope of renal function decline (eGFR slope, fast to slow progressors)
in the tolvaptan (blue bars) and placebo (red bars) groups.
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