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Abstract (250/250):

Background: Using hydroxychloroquine (HCQ) dose of 5 mg/kg/day in systemic lupus erythematosus (SLE)
is associated with a higher risk of flares; HCQ blood level monitoring could be a better way to adjust HCQ
dose. We studied the upper threshold for a reference range of HCQ levels to inform routine monitoring.
Methods: This observational study included patients (n=2010) across the Systemic Lupus International
Collaborating Clinics (SLICC), Wisconsin, International, and French studies, who underwent HCQ blood
level measurements. Using adjusted spline and logistic regression analyses on the cross-sectional data,
we first identified a HCQ blood level associated with higher HCQ toxicity. Next, we tested if this upper
threshold level was supratherapeutic (no further risk reduction for SLE Disease Activity Index 2000
(SLEDAI-2K 26). Finally, we examined associations between chronic kidney disease (CKD) stage and
supratherapeutic (toxic) HCQ blood levels.

Results: Among 1842 patients (excluding 168 patients with very low HCQ blood levels), 4.9% had HCQ
related toxicity. Odds of toxicity were 2.1-fold higher with blood levels 21150 ng/mL, and 1.7-fold higher
with cumulative HCQ dose per 1000g increase. Blood levels 21150 ng/mL were associated with a
saturation in therapeutic effect, indicating supratherapeutic levels. Patients with CKD stage 23 had 2.3-
fold higher odds of having supratherapeutic levels (21150 ng/mL).

Conclusion: The therapeutic reference range for HCQ blood level monitoring is 750-<1150 ng/ml. HCQ
level monitoring could optimize HCQ use, particularly in patients with CKD stage >3. Future longitudinal

studies are needed to validate the use of HCQ blood level monitoring in optimizing dosing.
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INTRODUCTION

Hydroxychloroquine (HCQ) is a foundational therapy in the systemic lupus erythematosus (SLE or
lupus) therapeutic armamentarium, as it prolongs disease-free and damage-free survival in patients.!
However, committing a patient to long-term HCQ use can be challenging due to concerns, although rare,
of eye and cardiac toxicity. Concerns for irreversible eye or cardiac toxicity exacerbate patient fears,
leading to early discontinuation of medicine and nonadherence, which increases the risk of lupus flares
and hospitalizations.>* Moreover, clinicians’ and patients’ concerns for toxicity are further amplified in
patients with kidney disease given that over 60% of HCQ is cleared by the kidneys and HCQ is primarily
dosed based on body weight.>*> Without clear guidance on adjusting HCQ doses in patients with chronic
kidney disease (CKD), doses are either not adjusted or arbitrarily reduced, which could accelerate toxicity
risk or increase the risk of SLE flares.*®” Balancing efficacy and toxicity for HCQ is particularly difficult,
especially amid an ongoing debate regarding the optimal dose.®%°

The conundrum to identify optimal HCQ dose that minimizes harms and maximizes efficacy could
be addressed by therapeutic HCQ blood level monitoring, which bypasses clinical variables affecting HCQ
absorption or clearance and could guide optimal HCQ dosing in SLE.X** Studies, including a global meta-
analysis, have established the clinical significance of using HCQ blood levels as an objective measure to
monitor severe nonadherence and also clinical efficacy (lower risk of active lupus or flares). 1°8 The
proposed cut-offs to monitor for clinical efficacy are 750 or 1000 ng/mL.1%1¢1 These cut-offs have a 96%
negative predictive value for active lupus with levels at or above these thresholds. However, cut-offs for
HCQ blood levels associated with higher toxicity risk need further elucidation, as the published literature
is conflicted. For instance, one population-based cohort reported significant associations between HCQ
whole blood level tertiles (>1183 ng/mL) and eye toxicity, while another cohort study of more adherent
patients noted no associations between blood levels and systemic toxicity risk.>%° Clarity on HCQ whole

blood levels associated with toxicity and the saturation of therapeutic effect, defined as no further clinical
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benefits in lowering SLE activity, is needed. These data are vital to inform the upper threshold of the
therapeutic reference range for HCQ blood level monitoring to guide optimal HCQ use in SLE, balancing
efficacy vs. safety, delaying toxicity, and potentially alleviating patient worries regarding toxicity.? Finally,
having a defined therapeutic range for HCQ whole blood levels could enhance clinical uptake and guide
clinicians with precise HCQ dosing based on individual patient risk factors, such as CKD.

In this study, we leveraged cross-sectional data from diverse cohorts including one cohort from
the US, data from two French and one International prospective studies centralized in France, and data
from a multicenter lupus cohort, the Systemic Lupus International Collaborating Clinics (SLICC) Inception
Cohort to clarify the upper threshold of HCQ blood levels associated with toxicity. Finally, we used
recurrent visit data from the US cohort to examine the thresholds of kidney function associated with

supratherapeutic HCQ levels to guide safe HCQ dosing in patients with lupus and CKD.

PATIENTS AND METHODS

Population: Cross-sectional data were pooled from different sources: three cross-sectional
studies (n=1081), one longitudinal registry (n=269), and one multinational cohort (n=660) with a total of
2010 patients. Three previously published cross-sectional studies (n=1081) were centralized in Paris,
France, and measured HCQ whole blood levels. These 3 studies included 203, 573, 305 individuals from a
single center study conducted in France, a multicentric study conducted in France, and a multicentric
international study, respectively.”:*822 A few patients could have been included in more than one study
over the years, but the numbers were small.1”1822 Next data source was a longitudinal registry from
Madison, Wisconsin, USA (IRB: UW 2019-0942) that included 269 patients with SLE. The final data source
consisted of 660 patients from the SLICC Inception Cohort.’® While the SLICC cohort was recruited
between 1999 and 2011 from 33 centers in 11 countries within North America, Europe, and Asia (Parent

IRB: Toronto, IRB# 00-0279 ),2*>** HCQ serum levels were measured retrospectively at the laboratory of
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Cochin Hospital (Paris, France).'® For the current study, the validated published hematocrit-based
adjustment described by Blanchet et al. was used to estimate whole blood concentrations from serum
values.’®?> Per the 2020 study, the ratio of serum to whole blood HCQ levels was 0.53+0.15.6% This
method accounts for the distribution of analytes between plasma and red blood cells and has been shown
to yield accurate and reproducible results across a range of hematocrit values. Therefore, for the current
study, the validated 0.53 conversion factor was used to extrapolate equivalent levels of HCQ in whole
blood from the serum levels in the SLICC cohort similar to other studies.

Since we were interested in testing the upper limits of therapeutic blood levels, we excluded 168 patients
with HCQ whole blood levels <200 ng/mL, such very low levels which have been associated with severe
non-adherence,'® and included the remaining 1842 patients in the main analysis. All patients (n=2010)
were included in the sensitivity analyses.

Variables. We abstracted key variables for each patient, including age, sex, and race or ethnicity
from the baseline or enrollment visit (TO). For the analysis, the weight-based HCQ dose (TO) was
categorized as <5 vs. >5 mg/kg/day at the enrollment visit when HCQ blood levels (T0) were collected.?®
Additionally, the duration of HCQ use was abstracted to calculate the cumulative HCQ dose (HCQ dose x
Duration of HCQ use). Cumulative HCQ dose was calculated until the last visit or the visit when HCQ related
toxicity was noted (Tiast visit). Kidney function and Systemic Lupus Erythematosus Disease Activity Index
(SLEDAI-2K) were abstracted on the day of the baseline study visit (TO) when HCQ whole blood levels (TO)
were measured. Kidney function (estimated glomerular filtration rate (eGFR)) was calculated using the
2021 CKD-EPI equation. Active SLE on the study visit (TO) was defined as SLEDAI-2K >6. Data on other
variables such as steroid dose, other immunosuppressives at study visit (TO) was not uniformly available
for all cohorts. HCQ levels from the baseline study visit (TO) were included and measured using a validated
high performance liquid chromatography/mass spectrometry (HPLC or LC-MS) assay. The assays were

done in a research lab but are now commercially available through leading national laboratories (Exagen,

8sUB0| 7 SUOWIWOD aA1Ea.D 3|qedt|dde ayy Aq pausenoh a1e sa o1 YO ‘8N Jo San. 1oy Akeld 1 8UlUO AS|IM UO (SUONIPUOD-PUe-SWLIBY WD AB | IM" AReiq 1 BU|UO//:SANY) SUOIPUOD pue SWe | aU) 88S *[5202/2T/TT] uo Aeiqiauljuo AB|IM ‘Seoines Afiqi TON uopuo]abs|joD AisieAlun Aq 0T00L 1Me/Z00T 0T/I0p/wod A3 1m Areiqpuljuo's euinolide//:sdny wo.y pepeojumoq el ‘50259282



Labcorp, ARUP, Mayo Clinic, Hopkins)?”2 and covered by major payers under the CPT code 80020 in the
US. Again, as above, HCQ levels measured in serum (SLICC cohort) were converted to whole blood levels
using the following formula: HCQ serum levels/0.53.2 Finally, data on systemic irreversible HCQ toxicity
(e.g., eye (abnormal macular exam), heart or muscle per biopsy findings, skin per clinical observation) over
time (Tiast visit) Were abstracted and categorized as present or absent. It is important to note that analyses
included HCQ levels at TO for all data sources, and HCQ levels at HCQ toxicity and the time to HCQ toxicity
were not available. Only data on retinal toxicity was available for the SLICC cohort. One study (n=305)"’
did not have toxicity data. We performed a single condition imputation analysis using median HCQ toxicity
incidence rates per our cohorts and literature.?®32 This analysis revealed similar results when data from
that single study were excluded.’? Given similar results, we used the single imputation analysis for the
final models to avoid sample size reduction.

Primary Analysis: HCQ Blood Levels (TO) and HCQ related Toxicity (Tiast visit). We used a validated
three-step approach to define the upper threshold for HCQ whole blood levels that are supratherapeutic
and/or associated with a higher risk of systemic toxicity in 1842 patients.'! First, we used the cut-point
analysis in R to identify an optimal HCQ blood level cut-off with a high negative predictive value (NPV) for
toxicity. Additionally, the NPV of other cut-offs was tested in R as part of the sensitivity analysis. Next, we
performed adjusted restricted cubic spline regression analysis to compare the estimated odds ratio (OR)
of toxicity at higher HCQ blood levels (e.g., 1000-<1050, 1050-<1100, 1100-<1150, 1150-<1200, 1200-
<1250, 1250-<1300 ng/mL) vs. the upper cut-off for HCQ blood levels obtained from the optimal cut-point
analysis. This spline analysis informed the upper threshold for HCQ blood levels associated with higher
toxicity odds. Finally, using multivariable logistic regression models, we tested different cut-offs for HCQ
whole blood levels to identify the threshold significantly associated with higher toxicity risk. All models
were adjusted for variables known to increase HCQ toxicity risk, including age, sex, cumulative HCQ dose,

weight-based HCQ dosing <5 vs. >5 mg/kg/day, and eGFR. A separate sensitivity analyses was performed
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including all patients (n=2010). Finally, given heterogeneity between HCQ serum levels (data from SLICC
cohort) vs. blood levels (other data sources), we performed sensitivity analysis by separately analyzing
associations in SLICC cohort reporting HCQ serum levels, and other data sources (described above on page
6) reporting HCQ whole blood levels.

Secondary Analysis: HCQ Blood Levels (T0) and Active SLE (defined as SLEDAI-2K 26 at T0) to
Define Supratherapeutic Levels. Given low toxicity rates with HCQ, we completed optimal cut-point,
adjusted restricted spline regression, and multivariable logistic regression analyses to test if the upper
threshold level was also supratherapeutic. Supratherapeutic levels were defined if levels beyond the
upper threshold for HCQ blood levels led to no further change in odds of active SLE (a ceiling/saturation
effect in response). All models were adjusted for variables known to increase active SLE risk, including
age, sex, weight-based HCQ dosing <5 vs. >5 mg/kg/day, and eGFR. Finally, as described above additional,
sensitivity analyses were done in all patients (n=2010) and separately in the SLICC cohort and data from
other sources.

Subgroup Analysis to Identify Associations Between Weight-Based HCQ Dose Categories (<5 and
>5 mg/kg/day) at TO and Supratherapeutic Levels (T0). A plot was generated to summarize frequency of
subtherapeutic, therapeutic, and supratherapeutic HCQ blood levels (TO) by weight-based HCQ dose
categories (T0). Next, we used chi-square test to check if counts were statistically significant and if HCQ
level monitoring would be useful in the weight-based dose categories.

Identify Kidney Function Thresholds Associated with Supratherapeutic Levels. Using data from
all patients (n=1842), we first performed restricted spline analysis to examine associations between HCQ
blood levels (TO) and eGFR thresholds (TO) adjusting for age, sex, weight-based HCQ dosing, SLEDAI (TO).
Next, significant eGFR thresholds were used in logistic regression analyses to estimate the odds of having

supratherapeutic HCQ blood levels by eGFR thresholds (e.g., >90 vs. <90, or >60 vs. <60 mL/min/1.73 m?).
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Additionally, regression plots were created to estimate changes in HCQ blood levels across a range of
weight-based dosing increments in patients with significant eGFR thresholds.

Finally, for longitudinal mixed-effects modelling, we included patients in the Wisconsin registry
with recurrent visits and eGFR <60 (CKD stage >3) and who had data on eGFR and HCQ blood levels at
each visit (n=32 unique patients, median visit frequency = 2). Using this longitudinal (recurrent visit) data
, we performed linear mixed-effects model analysis with random intercepts to estimate the change in HCQ
blood levels per unit eGFR decline relative to HCQ dose category (>5 vs. <5 mg/kg/day). These models
were adjusted for age, sex, and weight-based HCQ dose.

RESULTS

Baseline Characteristics of population. Among 2010 total patients, 168 patients with very low
HCQ levels <200 ng/mL were excluded, and a total of 1842 patients were included in the main analysis
(238 patients from the Wisconsin registry (US), 1002 patients from 3 different published studies
centralized in France, and 602 patients from the SLICC cohort). Forty six percent of the study population
was from the multicenter international SLICC cohort and the US cohort. The mean age was 39+14, 90.4%
were females, 56% were White, 29% were Black, 10% were from other ethnic groups, mean weight was
68+17 kg, mean HCQ dose was 349+88 mg/day, and 44% of patients were on <5mg/kg/day HCQ dose. On
the day of HCQ blood level measurement (T0), 559 patients had active SLE (SLEDAI-2K >6). Baseline
characteristics are shown in Table 1 (all cohorts) and Supplementary Table 1 (by datasets/cohorts).

HCQ Blood Levels and Systemic Toxicity. The overall HCQ related toxicity rate was 4.9% (1% in
Wisconsin cohort, 6.2% in data from 3 previously published studies (France & international), 4.7% in the
SLICC cohort). After excluding data from 305 without toxicity data, the HCQ related toxicity rate was 5.1%.
Given similar results, we show the results from the single conditional imputation analysis. The overall HCQ
retinopathy was 4.2%. Using the cut-point analysis, we found that levels 21150 ng/mL had 293% negative

predictive value (NPV) of identifying toxicity, indicating a potential optimal cut-point or upper threshold
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for HCQ blood levels that could be associated with higher toxicity. Next, the estimated OR of toxicity using
1150 ng/mL as a reference point revealed a linear increase in estimated OR of toxicity for levels 21150
ng/mL (Figure 1A). Finally, comparing levels informed by the above analysis, levels 21150 ng/mL were
associated with 2.1-fold higher odds of toxicity compared to levels 750-<1150 ng/mL (Table 2) even after
adjusting for covariables. These analyses underscored 1150 ng/mL as an optimal upper threshold for HCQ
blood levels linked with toxicity. Similar associations were noted when all patients were included (n=2010)
in sensitivity analyses (Supplementary Table 2A and Figure 1B). Similar results were noted when serum
levels in SLICC cohort and blood levels from Wisconsin registry and 3 published studies (France and
International) were analyzed separately (Supplementary Figures 1A-2A). Finally, even after excluding data
from one study that did not have HCQ toxicity information, a similar odds of toxicity 1.9-fold (95% Cls 1.2-
3.1) were noted with HCQ whole blood levels 21150 ng/mL. Likewise, even after including only HCQ
retinopathy, 1.3-fold higher odds of HCQ retinopathy was noted with HCQ whole blood levels 21150
ng/mL (Adjusted OR = 1.3, 95% Cls 1.2-3.3, p = 0.007).

Supratherapeutic HCQ Whole Blood Levels. We then tested if this HCQ blood level threshold
linked with higher toxicity was associated with any additional benefits in reducing odds of active SLE
defined as SLEDAI-2K >6. Using cut-point analysis, levels 1150 ng/ml had a negative predictive value of
96% for active lupus (SLEDAI-2K >6). Next, we completed a restricted cubic spline analysis using 1150
ng/mL as the reference point. We noted only a slight change in estimated active lupus (SLEDAI-2K >6) odds
with levels above 1150 ng/mL (Figure 2A). These findings highlighted a ceiling effect at 1150 ng/mL. Thus,
in our multivariable analysis, we used the following HCQ levels categories, <750 vs. 750-<1150 vs. 21150
ng/mL, informed by the above findings and published literature including a global meta-analysis. In logistic
regression analysis adjusted for variables that could potentially lead to active lupus and using 750-<1150
ng/mL as the reference category, no significant reduction in odds of active lupus was noted with levels

>1150 ng/mL (Table 3), while subtherapeutic levels of <750 ng/mL were associated with 1.36-fold higher
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odds of active lupus (Table 3). This finding suggests that levels beyond this threshold (21150 ng/mL) were
indeed supratherapeutic and potentially associated with higher risk of toxicity. Finally, a HCQ dose
>5mg/kg/day was associated with 0.54-fold lower odds of active lupus (Table 3). Similar associations were
noted when all patients were included (n=2010) in sensitivity analyses (Supplementary Table 2B and
Figure 2B), and when serum levels in the SLICC cohort and blood levels from Wisconsin registry and 3
published studies (France and international) were analyzed separately (Supplementary Figures 1B-2B).
Associations Between Weight-Based HCQ Dosing, Kidney Function Thresholds, and
Supratherapeutic HCQ Blood Levels. We noted a significant number of patients, n=142 (18%) had
supratherapeutic, potentially toxic, levels 21150 ng/mL despite weight-based dosing (Supplementary
Figure 3A), while 37% had supratherapeutic levels with dose >5mg/kg/day (Supplementary Figure 3B).
Next, adjusted logistic regression analyses noted an eGFR threshold of <60 mL/min/1.73m?was
associated with a 2.3-fold higher odds of having supratherapeutic HCQ blood levels (Supplementary Table
3). In the CKD stage 3a (eGFR 45-59 ml/min/1.73m?) and CKD stage 3b or above (eGFR <45) subgroups, a
positive association was noted between weight-based HCQ daily dose (mg/kg/day) and predicted HCQ
whole blood levels (ng/mL) with an estimated slope of 13659 ng/mL and 166159 ng/mL per 1
mg/kg/day increase, respectively (Supplementary Figure 4). In patients with CKD stage 3a and CKD stage
3b or above, even with weight-based dosing of 5mg/kg/day, the predicted HCQ blood levels were near
the supratherapeutic (toxic) threshold. A slight increase in the dose or decline in eGFR would tip levels
over to the supratherapeutic threshold risking toxicity over time in patients with CKD stage 3 or above
(Supplementary Figure 4). This was validated in our adjusted linear longitudinal mixed effects model,
where a steeper slope of change in HCQ blood levels relative to eGFR decline in patients with eGFR <60
and taking HCQ dose >5mg/kg/day (6.11+2.04 ng/mL) vs. those on <5mg/kg/day (4.82+2.72 ng/mL)

(Figure 3). Per these slope estimates, significant changes in eGFR such as a 20-unit decrease would result
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in 122 (95% ClI 82-162) ng/mL and 96 (95% Cl 42-150) ng/mL increase in HCQ blood levels with a dose of
>5 and <5 mg/kg/day, respectively.
DISCUSSION

In this study leveraging cross-sectional data from diverse SLE cohorts, HCQ whole blood levels
>1150 ng/mL at TO (baseline) were associated with a 2.1-fold higher risk of systemic HCQ-related toxicity.
HCQ related systemic toxicity was infrequent and only 4.9% of the population experienced toxicity,
therefore, we tested the therapeutic effect of having levels 21150 ng/mL. We noted that levels 21150
ng/mL did not significantly reduce the odds of active SLE, indicating a ceiling effect in clinical response
with levels 21150 ng/mL and qualifying levels 21150 ng/mL as supratherapeutic levels. Finally, our findings
highlight that CKD stage >3 was associated with 2.3-fold higher odds of having supratherapeutic levels
(21150 ng/mL), and not adjusting HCQ dose in this group could significantly increase levels by 122 ng/mL
with eGFR decline of 20 units. Together these findings establish the clinical significance of HCQ blood level
monitoring in not only assessing for severe nonadherence, but also guiding clinicians with optimal HCQ
use to balance treatment efficacy and safety. Finally, a 2020 single-center prospective cohort study led by
Dr. Petri'® highlighted that HCQ whole blood levels 21200 ng/ml were associated with higher risk of
retinopathy. Those findings are consistent with this study’s findings. These findings suggest that careful
HCQ dose adjustments via HCQ blood level monitoring particularly in high-risk groups (e.g., CKD stage 23)
could be beneficial in personalizing HCQ dosing. Additional multicenter longitudinal studies are needed in
the future to establish a roadmap for dose adjustments based on individual patient risk factors.

Following the first study published in 2006 showing that low HCQ levels predict disease

11132534 and a global meta-analysis®

exacerbations in patients with SLE,3 studies from other lupus cohorts
confirmed 750 or 1000 ng/mL as a lower threshold for reference range for HCQ blood levels associated

with better efficacy. In 2020, evidence on the upper threshold of the reference range for HCQ blood level

monitoring was reported, where levels >1183 ng/mL were associated with higher retinopathy risk
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(incidence of retinopathy = 4.3%).1° Consistent with prior findings, the current study highlights the
reliability of the upper threshold (21150 ng/mL) of the reference range for HCQ blood levels by
establishing associations with higher toxicity risk without additional clinical benefits across global SLE
populations (n=2010). Although a portion of the data was derived from French cohorts, over 46% of the
study population was drawn from the multicenter international SLICC cohort and a US-based registry,
enhancing the generalizability of our findings. The demographic characteristics of the cohort, including a
mean age of 39+14 years, 90.4% female representation, and racial/ethnic diversity with 56% White, 29%
Black, and 10% from other racial or ethnic groups, are consistent with the known epidemiology of SLE.
Additionally, the mean body weight (68+17 kg) and HCQ dosing patterns reflect real-world clinical
practice, supporting the applicability of our findings to broader SLE populations.

Routine HCQ whole blood level monitoring bypasses clinical variables (e.g., absorption, clearance)
that can drive interindividual variability in drug levels, is easier to collect, and guide clinicians in adjusting
HCQ doses when levels are supratherapeutic, particularly in patients at higher risk of HCQ toxicity, such
as those with CKD.2° This study provides important data highlighting that 18% of patients had
supratherapeutic, potentially toxic levels, despite taking <5mg/kg/day of HCQ (44% of the total
population). This finding underscores a role of HCQ blood level monitoring even in patients with weight-
based dosing. This study sheds new evidence on thresholds of kidney function (eGFR <60 mL/min/1.73m?)
associated with a 2.3-fold higher risk of supratherapeutic (or toxic) HCQ blood levels. This threshold
highlights the need to adjust HCQ doses or perform closer monitoring in patients with kidney function <60
mL/min/1.73m2. Additionally, our study highlights a dose-dependent relationship in patients with
impaired renal function (CKD stage 3a or above) and may have implications for individualized dosing
strategies in the CKD subgroup. While data on how HCQ dose should be reduced in patients with CKD to
balance efficacy vs. toxicity are lacking, our study delivers preliminary data on changes in HCQ blood levels

with eGFR decline relative to weight-based HCQ dose over time. In patients with CKD stage 23 taking HCQ
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doses >5 mg/kg/day, a clinically significant increase in HCQ blood levels by 122 ng/mL was noted with an
eGFR decline of 20 units. Despite HCQ dosing (>5 or <5 mg/kg/day), variations in HCQ blood levels with
eGFR decline of 20 units were above the diurnal variation threshold of <80 ng/mL. Moreover, we noted
that patients with eGFR <60 mL/min/1.73m? had higher chances of having supratherapeutic (toxic) levels
even if they were receiving weight-based dosing of <5 mg/kg/day, as shown in Figure 3. Thus, close
monitoring of HCQ blood levels to guide HCQ dose adjustments could prevent toxicity?® and maximize
efficacy in patients with SLE and CKD stage >3. Our preliminary findings, along with recent interpretation
of HCQ blood levels offered by Balevic et al, provides essential data to design a future clinical trial
leveraging HCQ blood level monitoring to inform dose or formulation changes in patients with SLE and
CKD.* However, given the variability in HCQ blood levels, especially in case of variation in adherence to
treatment or even eGFR fluctuations,** a decision to adjust HCQ, dose, particularly when the dose is
weight-based, should not be made based on a single HCQ blood level measurement. We recommend to
repeat HCQ levels to obtain a better estimate on the median levels and inform clinical decision-making.
The feasibility of HCQ blood level monitoring in the target population is an important
consideration. In our view, incorporating HCQ blood level monitoring into clinical care is feasible and is
already being routinely implemented in France, other parts of Europe, and some U.S. centers. Supporting
this, qualitative studies reported that patients are generally receptive to drug level monitoring,
particularly when clinicians initiate open, empathetic conversations during visits.33” Moreover, HCQ level
testing is covered by public health system in France (cost <30 Euro), and by most insurance providers in
US (copay cost $0-200) and has an established CPT code (80020) in the US, which supports its practical
implementation. Furthermore, drug level monitoring is already a standard practice in other specialties,
such as gastroenterology, nephrology, and transplant medicine, where patient acceptance has been high.
It is also close to the monitoring of INR in patients on warfarin. Finally, HCQ level testing should guide

nonjudgmental communication and support physicians and patients in optimizing HCQ dosing.*® Indeed,
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in addition to giving important information on adherence to treatment, HCQ level monitoring can offer
clinicians the opportunity to optimize HCQ dosing based on each patient’s factors, such as CKD and
absorption, which are otherwise not accounted for when routinely dosing HCQ. This approach, already

I"

used in France for more than 20 years, could shift from traditional “one-size-fits-all” dosing toward a more
precise, personalized approach to HCQ management in SLE. Two US longitudinal, prospective mixed-
methods studies are currently underway (SHIELD and EMS-HCQ) and a French study is currently being
designed to compare both strategies (weight-based HCQ dosing vs. personalized HCQ dosing per HCQ
blood levels). These ongoing studies will provide valuable insights on HCQ blood level monitoring
frequency, cost-effectiveness, and patient-clinician engagement, to develop best practices. Additionally,
a shared decision-making tool that guides clinicians and patients in decisions to continue HCQ dose with
or without changes could be a vital resource for clinical use and should be a research priority.

Despite several strengths of this study including a large study with diverse populations and
appropriate testing of HCQ levels, study limitations include the retrospective design and the inability to
control for all confounders affecting outcomes, such as other immunosuppressive medications, steroid
dose. Additionally, whole blood levels in the primary population were assayed in each local laboratory as
part of routine practice. We cannot demonstrate the interchangeability of all bioanalytical methods due
to the lack of an external quality assessment scheme between laboratories, which is a limitation of our
analysis. Besides, HCQ serum levels in the SLICC cohort were measured retrospectively and whole blood
levels were extrapolated from serum levels, which can represent a bias in our analysis as there could be
stability issues of HCQ serum levels over time and there could be the potential variability introduced by
individual hematocrit differences, and the implications for interpreting our findings. Third, the data on the
time to HCQ toxicity and HCQ levels at the time of HCQ toxicity were not available. Given the goal of HCQ

levels is to determine the chance of future toxicity therefore, these findings remain significant. Moreover,

the supratherapeutic effect of the upper threshold for HCQ levels (21150 ng/mL) was tested using HCQ
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levels and SLEDAI-2K measurements done on the same day (T0). This bolsters the fact that the upper
threshold is supratherapeutic, and potentially toxic. However, given our study shows that HCQ levels could
vary with significant kidney function decline and our models’ testing associations with HCQ toxicity
assumed that HCQ levels remain stable over time, we need to test the upper threshold in longitudinal
studies, particularly in patients with CKD stage >3. Additionally, longitudinal studies should test if a single
HCQ blood level measurement vs. an average of two or more HCQ blood level measurements should be
used to guide HCQ dose adjustments. Fourth, one cohort did not report on long-term eye toxicity,
therefore, a single condition imputation was performed to avoid sample size reduction. Results from the
single condition imputation analysis and sensitivity analysis excluding data from this cohort were similar.
Additionally, our study might underestimate overall HCQ related side effects rate given data on preclinical
HCQ toxicity (abnormal eye exam) might not have been abstracted. Finally, only a few patients with CKD
stage 23 had recurrent visit data (n=32). Thus, a prospective study is needed to test the efficacy of HCQ
blood level monitoring in guiding safe and optimal HCQ use in patients with CKD and SLE, and similar
analyses in patients with hepatic dysfunction and gastric bypass are needed.

In conclusion, this study is the first to define a potential therapeutic reference range for HCQ
whole blood levels (750-1150 ng/mL) in SLE, using data from diverse multinational cohorts. It also
identifies key patient-specific factors, particularly CKD stage >3, that significantly increase the risk of
supratherapeutic levels, despite weight-based dosing. By providing quantitative estimates of how HCQ
levels change with dose and kidney function decline, our findings offer clinicians a practical framework
for safer and more individualized, data-driven dosing decisions. While our data are cross-sectional, they
still lay a strong foundation for future longitudinal studies to evaluate the clinical effectiveness of
routine HCQ blood level monitoring. Ultimately, this work supports a shift from traditional “one-size-fits-
all” dosing toward a more balanced, precise, and personalized approach to dose HCQ in SLE potentially

bypassing the current issues with weight-based dosing.
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Figures Legend (attached separately):

Figure 1. Adjusted restricted cubic splines to show associations between HCQ whole blood levels at
baseline and HCQ related toxicity over time using data from: Panel A. 1842 patients not including 168
patients with very low HCQ blood levels <200 ng/mL; Panel B. all patients (n=2010)

Figure 2. Adjusted restricted cubic splines to show associations between HCQ whole blood levels at
baseline visit (TO) and active SLE (SLEDAI 26) at baseline visit (TO) using data from: Panel A. 1842 patients
not including 168 patients with very low HCQ blood levels <200 ng/mL; Panel B. all patients (n=2010)
Figure 3. Longitudinal modelling showing change in HCQ Whole Blood levels with kidney function decline
over time in CKD patients (32 patients with CKD stage 23 had 2 or more follow-up visits) by HCQ daily
dose category: >5mg/kg/day (Panel A) vs. <5mg/kg/day (Panel B)

Supplementary Files Legend (7 total, attached separately):

Supplementary Table 1. HCQ dose, cumulative HCQ exposure, and HCQ levels by datasets
Supplementary Table 2A. Multivariable logistic regression analysis showing factors at baseline visit (TO)
associated with HCQ toxicity over time including all patients (n=2010)

Supplementary Table 2B. Multivariable logistic regression analysis showing factors at baseline visit (TO)
associated with active SLE (SLEDAI 26) at baseline visit (TO) including all patients (n=2010)
Supplementary Table 3. Multivariable logistic regression analysis showing factors at baseline visit (TO)
associated with supratherapeutic (or toxic) HCQ blood levels, 21150 ng/mL, at baseline visit (TO) across
18427 patients

Supplementary Figure 1. Adjusted restricted cubic splines to show associations between HCQ whole
blood levels and toxicity (Panel A), and active SLE (SLEDAI 26) (Panel B), across 1240 patients (including
data from Wisconsin registry and three previous studies centralized in France)

Supplementary Figure 2. Adjusted restricted cubic splines to show associations between HCQ serum
levels and toxicity (Panel A), and active SLE (SLEDAI 26) (Panel B), in the SLICC cohort (n=602).
Supplementary Figure 3. Frequency plot showing number of patients on weight-based HCQ dosing
(<5mg/kg/day; Panel A) and those on >5mg/kg/day HCQ dosing (Panel B) with subtherapeutic (<750
ng/mL), therapeutic (750-<1150 ng/mL), and supratherapeutic levels (21150 ng/mL)

Supplementary Figure 4. Regression plot showing cross-sectional associations between continuous
weight-based HCQ daily dose (in mg/kg/day) and predicted HCQ Whole Blood levels (in ng/mL) by CKD
stages: 1-2 (=60 ml/min/1.73m?) vs. 3a (45-59 ml/min/1.73m?) vs. 3b-5 (<45 ml/min/1.73m?)
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Table 1. Baseline Characteristics
Baseline Characteristics (Baseline visit = TO)

Number included in analysis (N) 18421
Age in years (meanzSD) 39+14
Sex
Female, n(%) 1665 (90.4%)
Male, n(%) 177 (8.6%)

Race and Ethnic Groups

Asian race, n(%) 54 (3%)

Black race, n(%) 541 (29%)

Hispanic ethnicity, n(%) 31 (2%)

Other racial/ethnic groups, n(%) 189 (10%)

White race, n(%) 1027 (56%)
Weight in Kg (meanxSD) 68117
eGFR in mL/min/1.73m? (meanzSD) 102433
eGFR 260 mL/min/1.73m?, n(%) 1738 (94.4%)
eGFR 245 and <60 mL/min/1.73m?, n(%) 55 (3.0%)
eGFR <45 mL/min/1.73m?, n(%) 49 (2.6%)
HCQ dose in mg/day (mean+SD) 349488
HCQ dose <5mg/kg/day, n/N (%) 781 (42%)
HCQ dose >5mg/kg/day, n/N (%) 1061 (58%)
Cumulative HCQ dose in g (meanxSD) 2068+1053
Total HCQ duration in years (meanzSD) 16.046.8
HCQ blood levels at TO in ng/mL (mean+SD)? 916+424

Outcome Variables

SLEDAI at baseline visit (TO) (mean%SD) 4.1+4.6
Active lupus (SLEDAI 26) at baseline visit (T0), n/N (%) 559/1842 (30%)
Systemic® HCQ-related toxicity* at Tiaswisit, N/N (%) 91/1842 (4.9%)

Abbreviations: TO= at the time of enrollment; Tlastvisit= at the time of the last follow-up visit; eGFR=glomerular
filtration rate; HCQ=Hydroxychloroquine; SLEDAI=SLE Disease Activity Index. eGFR calculated using the race-
neutral CKD-EPI 2021 equation.

1: 168 patients with very low HCQ whole blood levels <200 ng/mL (shown to be associated with severe
nonadherence) were excluded from analysis

2: HCQ blood levels extrapolated from serum levels for SLICC cohort using a conversion factor of 0.53

3: Includes all systemic toxicity, 85% retinopathy, 9% cardiomyopathy, and 6% skin or muscle toxicity

4: One cohort (SLICC) only reported retinopathy as HCQ-related systemic toxicity, one study (Multicentric
International, n=305 patients) did not report long-term toxicity data and a single condition imputation
analysis was used to impute toxicity for this cohort using median HCQ toxicity incidence rate (4.7%)
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Table 2A. Multivariable logistic regression analysis showing factors at baseline visit (T0) associated
with HCQ toxicity over time using data from different populations (n=1842")

Variables Adjusted OR® (95% Cls) p-value
Age per 10 years increase 1.02 (1.01 - 1.05) 0.02
Female 0.80(0.42-1.67) 0.53
White Race ref -
Black Race 0.97 (0.59 - 1.57) 0.90
Asian Race 0.90(0.14 - 3.13) 0.89
Other Race or Ethnicity 1.67 (0.73 - 3.50) 0.19
Hispanic Ethnicity NAC 0.98
Weight based HCQ dose, >5mg/kg/day 0.82 (0.47 - 1.43) 0.48
Cumulative HCQ dose per 1000 g increase 1.74 (1.34-2.30) <0.0001
eGFR per 10 mL/min/1.73m? increase 0.93(0.85-1.01) 0.10
Therapeutic HCQ Blood levels 750-<1150 ng/mL Ref? -
Subtherapeutic HCQ Blood levels <750 ng/mL 1.40(0.80 - 2.51) 0.24
Supratherapeutic HCQ Blood levels 21150 ng/mL 2.09 (1.22 -3.67) 0.01

Footnotes A-D:

A: 168 patients with very low HCQ whole blood levels <200 ng/mL (shown to be associated with severe
nonadherence) were excluded from analysis.

B: The model was adjusted for age (continuous, T0), sex (patient-reported, T0), race or ethnicity, weight-based
HCQ dose (>5 vs. <5 (reference group) mg/kg/day at T0), eGFR (continuous at T0), HCQ whole blood level
categories (750-<1150 (reference group) vs. <750 vs. 21150 ng/mL at T0), cumulative HCQ dose (continuous
and calculated between baseline visit and last visit or day of HCQ toxicity, Tlast visit).

C: Unreliable estimates due to small sample size.

D: Therapeutic range for HCQ blood levels 750-<1150 ng/mL was used as a reference group to demonstrate the
ceiling or saturation effect in clinical response with levels >1150 ng/mL and demonstrate higher odds of active
SLE with levels below therapeutic range

Statistically significant p-values (<0.05) shown in bold font.

Abbreviations: HCQ=Hydroxychloroquine; eGFR=estimated glomerular filtration rate.
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Table 3. Multivariable logistic regression analysis showing factors at baseline visit (TO) associated
with active SLE (SLEDAI =6) at baseline visit (T0) using data from different populations (n=18424)

Variables Adjusted OR® (95% Cls) p-value
Age per 10 years increase 0.99 (0.98-1.00) 0.02
Female 1.44 (1.00-2.09) 0.05
White Race Ref -
Black Race 0.95 (0.74-1.21) 0.68
Asian Race 4.12 (2.32-7.55) <0.0001
Other Race or Ethnicity 2.17 (1.56-3.03) <0.0001
Hispanic Ethnicity 1.87 (0.88-3.89) 0.10
Weight based HCQ dose, >5mg/kg/day 0.54 (0.44-0.68) <0.0001
eGFR per 10 mL/min/1.73m? increase 1.01 (0.97-1.05) 0.72
Therapeutic HCQ Blood levels 750-<1150 ng/mL ref¢ -
Subtherapeutic HCQ Blood levels <750 ng/mL 1.33 (1.05-1.70) 0.02
Supratherapeutic HCQ Blood levels 21150 ng/mL 0.94 (0.71-1.24) 0.67

Footnotes A-C:

A: 168 patients with very low HCQ whole blood levels <200 ng/mL (shown to be associated with severe
nonadherence) were excluded from analysis.

B: The model was adjusted for covariables at baseline visit (TO) including age (continuous, T0), sex (patient-
reported, T0), race or ethnicity (T0), weight-based HCQ dose (>5 vs. <5 (reference group) mg/kg/day at T0),
eGFR (continuous at T0), and HCQ whole blood level categories (750-<1150 (reference group) vs. <750 vs.
21150 ng/ml at T0). SLEDAI-2K scores at baseline visit (TO) were used as the outcome and categorized as
active SLE (SLEDAI-2K >6). Statistically significant p-values (<0.05) shown in bold font.

Abbreviations: HCQ=Hydroxychloroquine; eGFR=estimated glomerular filtration rate.

C: Therapeutic range for HCQ blood levels 750-<1150 ng/mL was used as a reference group to demonstrate the
ceiling or saturation effect in clinical response with levels >1150 ng/mL and demonstrate higher odds of active
SLE with levels below therapeutic range
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Change in HCQ whole blood levels (in ng/mL)

eGFR change HCQ dose >5 mg/kg/day HCQ dose <5 mg/kg/day !
10 mL/min/1.73m? 61120 48127 §
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25 mL/min/1.73m? 153+50 121+68 E
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Defining Optimally Safe and Effective Blood Levels of Hydroxychloroquine in Lupus
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