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Purpose: To compare the safety, tolerability, pharmacokinetics (PK), pharmacodynamics (PD), and immunogenicity of recombinant
human serum albumin (rtHSA) with plasma-derived human serum albumin (pdHSA) following intravenous administration to healthy adults.
Patients and Methods: This Phase I study enrolled 62 healthy adults aged 1845 years in two sequential parts. Part 1 (n=12)
evaluated safety and tolerability of rHSA using a single ascending dose design (10 g, 20 g and 40 g) with 3 cohorts. Based on these
outcomes, Part 2 (n=50) was conducted as a randomized (1:1), active-controlled, parallel-group study comparing rHSA with pdHSA
(Flexbumin® 20%) administered at escalating doses (10 g, 20 g, and 40 g) with 3-week intervals. Primary PK endpoints were C,ax
(1st dose) and AUC,, (3rd dose). Secondary endpoints included PK parameters: Ty, (Time to peak concentration), t,, (Elimination
half-life), Elimination rate constant (Kel) and CL (Clearance). PD markers: Colloid Osmotic Pressure (COP) and Hematocrit Ratio
(HCT), Safety, Tolerability, and Immunogenicity.

Results: In Part 1, tHSA was tolerated up to 40 g as single dose, and at cumulative dose of 70 g in part 2, with no dose-limiting
toxicities. PK and PD profiles were comparable between test rHSA and pdHSA, with geometric mean ratios for C,,, and AUC,
(baseline uncorrected) falling within the accepted 80-125% bioequivalence range. COP and HCT ratios were consistent across doses,
indicating equivalent pharmacodynamic activity. No severe adverse events (SAEs) occurred during the study. All reported adverse
events (AE) were mild-to-moderate in severity and resolved without sequelae. Low-titre IgG antibodies were detected in a few
participants, without clinical relevance, with no IgE or anti-host cell protein (HCP) antibodies detected.

Conclusion: The test rHSA was well tolerated at cumulative doses of 70 g and demonstrated comparable PK, PD, safety and
immunogenicity profiles to pdHSA, supporting its potential as a viable alternative.
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Introduction

Human serum albumin (HSA) is the most abundant protein in the plasma (~ 43 gL ™" 0.6 mM), accounting for approximately
60% of the total plasma proteins.' Plasma-derived human serum albumin (pdHSA) is a single, non-glycosylated polypeptide
comprising 585 amino acids that forms a heart-shaped three-domain structure with a molecular weight of 66.5 kDa. Synthesized
in the liver, human albumin contributes approximately 80% of colloid osmotic pressure (COP; 25-33 mmHg) and plays a pivotal

role in maintaining blood pH.? In addition to its oncotic function, albumin serves as a versatile carrier molecule, binding and
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transporting a broad spectrum of endogenous and exogenous ligands, including proteins, peptides, fatty acids, amino acids,
hormones, nutrients, drugs and metal ions.** These multifunctional binding properties, combined with its low toxicity and non-
immunogenic nature, render albumin an ideal component in various pharmaceutical and biotechnological applications, serving as
stabilizer in vaccines and therapeutic protein drugs, biocompatible coating for medical devices, and as a component in drug
delivery and imaging systems.*>*

Clinically, pdHSA is widely employed to manage several conditions, including hemorrhagic shock, burns resuscitation,
hypovolemia, hypoproteinemia, hypoalbuminemia, trauma, and liver diseases such as decompensated cirrhosis, acute-on-chronic
liver failure, hepato-renal syndrome (HRS), sepsis, haemolytic disease of the new-born and erythroblastosis fetalis.*’ '
Traditionally, pdHSA is obtained through fractionating human plasma from voluntary donors and remains one of the most
extensively used biopharmaceuticals, with global production reaching several hundred metric tons annually.'*"* However,
plasma-derived products carry inherent limitations, including risk of transmitting blood-borne and emerging pathogens such as
HIV, HBV, HCV, HAV, HEV, SARS-CoV, West Nile virus, and variant Creutzfeldt-Jacob disease.'* Dependence on plasma
donations exposes supply fluctuations related to seasonal, economic, and global disruptions, as observed during the COVID-19
pandemic.'” In addition, viral inactivation and removal processes increases the manufacturing complexity and cost, especially in
resource-limited settings.'®

To address these challenges, rHSA has been developed as a promising pathogen-free and sustainable alternative to
mitigate supply related disruptions. Recombinant DNA (rDNA) technology enables large-scale production of albumin
using prokaryotic and eukaryotic hosts, such as Escherichia coli, Saccharomyces cerevisiae, Kluyveromyces lactis, Pichia
pastoris, transgenic plants, animals, and suspension cell cultures.'” Among these, Pichia pastoris (Komagataella phaffii)
is preferred because of its ability to achieve high cell density, secrete properly folded proteins, and perform post-
translational modifications similar to those in higher eukaryotes.'®

Although rHSA products are approved for non-therapeutic use as excipients and/or carrier molecules, no rHSA products
are currently approved for direct clinical/therapeutic use by the U.S. Food and Drug Administration (FDA) or the European
Medicines Agency (EMA). Preclinical and previously established studies have demonstrated close similarity between
various tHSA products and pdHSA with respect to molecular weight, tertiary structure, charge heterogeneity, and absence
of glycosylation.'”2® A previous Phase I study conducted on a potential rHSA product showed favourable pharmacokinetics,
pharmacodynamics, safety, and immunogenicity profiles to pdHSA, with similar increases in serum albumin concentration
and COP.?® Several ongoing/completed Phase II/III trials are currently evaluating various rHSA products in participants with
decompensated liver cirrhosis; however, the results are not yet publicly available, and recent sources mention that these
studies have met their primary endpoint. (NCT06553456, NCTO05858853, NCT06355479, NCT04835480,
NCT06411743).%” Although Phase IVIII studies are ongoing in patient populations, controlled evaluation in healthy
volunteers remains essential to establish baseline pharmacokinetics, pharmacodynamics, and safety without disease-related
variability, which is critical for dose optimization and regulatory acceptance.

This recombinant approach offers significant advantages including improved viral safety, batch-to-batch consistency,
high purity, and scalable production, making it a safer and more reliable alternative to pdHSA.*® The test-rHSA (20% w/
v) used in this study was expressed in Pichia pastoris and extensively characterised for its structural and physicochemical
equivalence to native pdHSA. Analytical assessments, including molecular weight determination, size exclusion, ion-
exchange chromatography, isoelectric focusing, glycosylation analysis, and purity evaluation confirmed a high degree of
structural similarity, providing a mechanistic rationale for its expected pharmacodynamic behaviour.

This Phase I study evaluated the safety, tolerability, pharmacokinetics, pharmacodynamics, and immunogenicity of
test-THSA compared with pdHSA in healthy volunteers, with the objective of establishing PK/PD equivalence and
confirming the functional integrity of rHSA prior to patient-based Phase III clinical studies.

Materials and Methods

Study Design

This Phase I open-label, randomized, single-centre study was designed to investigate the safety, tolerability, PK/PD, and
immunogenicity of rHSA in comparison with pdHSA in healthy adult participants (CTR1/2023/04/051487). This study
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was conducted in accordance with the ethical principles of the Declaration of Helsinki, Good Clinical Practice (GCP)
guidelines, and applicable regulatory requirements. Written informed consent was obtained from all participants prior to
study initiation. The study was conducted in two sequential parts. Part 1 (n=12) used a standard 3+3 dose-escalation
design to evaluate safety and tolerability of intravenous rHSA with escalating doses at 10 g, 20 g and 40 g administered
in three individual cohorts, which is consistent with standard first-in-human study designs.>’ Based on the outcomes,
Part 2 (n=50) was conducted as a 1:1 randomized, parallel-arm comparative Phase of rHSA and pdHSA to assess the
pharmacokinetics (PK), pharmacodynamics (PD), safety, and immunogenicity with escalating doses, ie. 10 g, 20 g and 40
g with a dosing interval of 3-weeks in the same cohort. The dose selection was based on prior clinical evidence, and
established safety profiles of human serum albumin in the relevant studies.*****3? Furthermore, a placebo group was
not included in this Phase 1 study due to highly varying endogenous nature of albumin and in accordance with regulatory
guidance for biosimilars, which recommends direct PK comparability between test and reference products to establish
bioequivalence.*> The primary objective was to characterize the PK profile of test rHSA in comparison to pdHSA in
healthy volunteers, while secondary objectives included evaluation of safety, tolerability, PD parameters (COP and HCT
ratio), and immunogenicity. The overall study duration per participant in Part 1 was approximately 4 days, and 95 days
for Part 2, encompassing screening, dosing, and post-treatment follow-up. The study protocol and all amendments were
approved by the Institutional Ethics Committee (IEC) and conducted in compliance with ICH guidelines under the
supervision of the Independent Data Monitoring Committee (IDMC).

Study Participants

This study enrolled 62 healthy adults aged 18-45 years with a body mass index (BMI) between 18.5 and 30.0 kg/m?, who
were determined to be in good health based on pre-study physical examination, vital signs, and clinical laboratory
assessments. Healthy male participants were included in Part 1 (n=12), whereas both healthy male participants and
nonpregnant, nonlactating female participants were eligible for Part 2 (n=50) of the study. However, no female
participants were enrolled in the study. All participants provided written informed consent prior to enrolment and met
pre-specified eligibility criteria. The inclusion criteria required participants to be free from any clinically significant
medical history or active disease, as determined by comprehensive screening assessments that included detailed medical
history, physical examination, clinical laboratory tests, chest radiography (performed within 11 months prior to dosing),
and a 12-lead electrocardiogram (ECG). Additional gynaecologic evaluations with acceptable methods of contraception
were planned for female participants, but were not conducted because no female participants were enrolled. All
participants were required to effectively communicate with study personnel, be available for the entire study duration,
and have no history of drug or alcohol abuse or dependence.

Exclusion criteria included known hypersensitivity to human plasma proteins or yeast-derived products (Pichia
pastoris, Saccharomyces cerevisiae), or any contraindication to plasma protein administration. Participants with sig-
nificant cardiovascular, respiratory, hepatic, renal, haematologic, gastrointestinal, endocrine, immunologic, dermatologic,
musculoskeletal, neurological, or psychiatric disorders or any clinically relevant illness within four weeks before dosing
were excluded. Additional exclusion criteria included a history of severe allergic or anaphylactoid reactions (eg. asthma
and urticaria) following drug exposure, recent (within four weeks) treatment with corticosteroids or human plasma
derivatives, or recent or planned surgical procedures within 20 days of the study drug administration. Participants who
tested positive for alcohol or drugs of abuse prior to check-in, or who were unwilling to abstain from tobacco, xanthine-
containing beverages, alcohol, grapefruit, cranberry juice, or any prescription, over-the-counter, or recreational drugs
(including marijuana, amphetamines, barbiturates, cocaine, benzodiazepines, and opioids) during the study period were
excluded. Individuals with recent or ongoing hormone replacement therapy or an unwillingness to abstain from
androgens or anabolic steroids during the study period were also excluded.

Sample Size Calculation

The sample size of 12 participants in Part 1 was deemed adequate for standard 3+3 dose-escalation design to evaluate
safety and tolerability. The sample size in Part 2 was determined based on statistical considerations for bioequivalence,
rather than recruitment limitations, using statistical assumptions adapted from Bosse et al** considering a test-to-
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reference (T/R) ratio of 90.00%—111.11%, an inter-subject coefficient of variation (CV) of approximately 15%, a two-
sided significance level of 5%, and a statistical power of 80%, with bioequivalence acceptance limits of 80.00%—
125.00%. Based on these assumptions, a minimum of 42 participants were required to provide adequate power to
demonstrate the bioequivalence between test rHSA with pdHSA. Although a minimum of 42 participants was estimated
to achieve 80% power, the sample size was increased to 50 participants (25 per treatment arm) to account for an
anticipated dropout rate (~20%) and variability associated with endogenous albumin, ensuring sufficient evaluable data
for robust bioequivalence analysis. The assumed intra-subject coefficient of variation (ISCV) of approximately 15% for
Chax further supported this estimation, ensuring at least 80% power to confirm equivalence at an a level of 0.05.

Study Procedures

Part I: Safety Cohorts

A 3 + 3 dose escalation design was employed in Part 1 to evaluate the safety and tolerability of the test rtHSA during first-
in-human exposure. Participants in each safety cohort received the test rHSA as an intravenous (IV) infusion via an
infusion pump at a constant rate of 2 mL/min on day 1. This adaptive design minimizes the potential risk while enabling
the efficient identification of a safer dose. The participants in Part 1 were sequentially assigned to three dose cohorts for
the rHSA test: 10 g (cohort 1, n = 3), 20 g (cohort 2, n = 3), and 40 g (cohort 3, n = 3 + 3), based on the absence of any
adverse events or dose-limiting toxicities (DLTs). All participants were monitored continuously for 48 h post infusion.
DLTs were defined as adverse events that were deemed certainly, probably, or possibly related to the investigational
product (IP) as per the World Health Organization (WHO) causality assessment criteria, and considered unacceptable due
to their severity or irreversibility, thereby precluding further dose escalation or continued administration at that level.

Part 2: PK/PD and Immunogenicity Cohorts

The participants in Part 2 received three consecutive doses of the assigned IP at 3-week intervals via intravenous infusion
at a controlled rate of 2 mL/min. The dosing regimen followed was: Dose 1-10 g (50 mL) infused over 25 min on Day 1;
Dose 2-20 g (100 mL) infused over 50 min on day 22; and Dose 3—40 g (200 mL) infused over 100 min on day 43. The
maximum cumulative dose administered to each participant during the study was 70 g. The participants were closely
monitored during and for at least one-hour after each infusion for infusion-related reactions or adverse events. Baseline
correction was used to adjust endogenous levels and better treatment-related exposure.

Study Outcomes

Primary endpoints: The primary pharmacokinetic (PK) endpoints included C,,,x (Maximum observed serum concentra-
tion following the 1st dose), representing peak systemic exposure, and AUC,, (Area under the concentration-time curve
extrapolated to infinity following the 3rd dose), reflecting total systemic exposure. Secondary endpoints:
Pharmacodynamic (PD) measures included COP (Colloid osmotic pressure), reflecting oncotic activity of albumin, and
HCT (Hematocrit) ratio, indicating hemodilution following infusion. Secondary PK parameters included AUC,, (Area
under the concentration-time curve up to the last measurable concentration), AUC., (Area under the concentration
extrapolated), representing the proportion of total exposure estimated beyond the last measurable time point and
indicating reliability of AUC,,), K, (Terminal elimination rate constant), T,,x (Time to reach peak concentration), t;,,
(Terminal elimination half-life, indicating the persistence of albumin in circulation) V4 (Volume of distribution),
reflecting the extent of tissue distribution), and CL (Clearance represents the rate of systemic elimination). Safety
endpoints included assessment of adverse events (AEs) and serious adverse events (SAEs), and immunogenicity
assessment with presence of anti-drug antibodies (ADAs) and anti-HCP antibodies.

Bioanalytical Method

Serum albumin concentrations were quantified using a validated competitive enzyme-linked immunosorbent assay
(ELISA) capable of detecting both rHSA and pdHSA. The bioanalytical assay was validated in accordance with ICH
MI10 bioanalytical method validation guidelines and demonstrated acceptable accuracy, precision, selectivity, and
linearity across the full calibration range. Accuracy and precision were within +15% for quality control samples and
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within + 20% for the lower and upper limits of quantification (LLOQ and ULOQ, respectively), confirming stable assay
performance at low concentrations. The validated range spanned 1.030 pg/mL and 25.750 pg/mL, using serum as the
biological matrix.

Pharmacokinetic Assessments

In Part 2, a total of 49 blood samples (4.0 mL each) were collected from each participant for pharmacokinetic analysis.
This included 4 pre-infusion samples (—72.0 h, —48.0 h, —24.0 h, and pre-dose (0.0)), followed by 7 samples on Day 1
(Post-infusion samples were collected at 0.083 h (5 min), 0.25 h (15 min), 0.5 h (30 min); and 1.0 h, 2.0 h, 6.0 h, 12.0 h),
and subsequent samples at 24.0 h (Day 2), 72.0 h (Day 4), 144.0 h (Day 7), and 192.0 h (Day 9) for the 10 g dose. The
same schedule was repeated for 20 g dose (Day 22). Likewise, for 40 g dose (Day 43), additional samples were collected
at 360.0 h (Day 58), 528.0 h (Day 65), 768.0 h (Day 75), and 1152.0 h (Day 91), resulting in a comprehensive
characterization of the concentration-time profile. The pharmacokinetic parameters for rHSA and pdHSA were calculated
using both baseline-uncorrected and baseline-corrected serum albumin concentrations, with correction performed by
subtracting the mean pre-dose value. Because albumin is endogenous, the baseline correction method can potentially
affect late-time serum concentrations. A minimum of three quantifiable terminal-phase concentrations were required to
estimate the terminal elimination rate constant (Kel); participants not meeting this criterion were excluded from the
AUC,._, estimation. PK parameters were estimated using non-compartmental analysis (Phoenix® WinNonlin® v8.1.1).

Handling of BLQ Data

Concentrations below the lower limit of quantification (BLQ; < 1.000 pg/mL) were handled in accordance with ICH M10
regulatory guidance. The BLQ values prior to the first quantifiable concentration were treated as zero to avoid inflating
the early exposure estimates. BLQ values following the last quantifiable concentration were excluded from the non-
compartmental calculations of the AUC and Terminal elimination rate constant (Kel) to prevent bias in the terminal phase
estimation. Interpolation was not applied to the BLQ data. This approach ensured the consistency, transparency, and
robustness of PK parameter estimation across all participants and dose levels. Both baseline-corrected and uncorrected
albumin concentrations were analyzed to distinguish endogenous albumin from exogenous albumin.

Pharmacodynamic Assessments

PD evaluations (COP and HCT ratio) included the collection of 40 blood samples (2.0 mL each) per participant at time
points aligned with the PK sampling schedule. These PD samples were collected separately and were not derived from
residual volumes of the PK samples. In contrast, PK assessments involved 49 blood samples (4.0 mL each), collected
independently for serum albumin concentration analysis. PD Samples were planned after each dose in Part 2 at the time
points aligned with PK sampling. HCT was determined by microcentrifugation and expressed as the pre- and post-dose
value ratio. COP was measured using a mathematical formula under standardized conditions in accordance with the
manufacturer’s instructions. The Area Under Effective Curve (AUEC) was computed using the linear trapezoidal
method.

Pharmacokinetic and Pharmacodynamic Analysis Plan

PK/PD parameters were derived from plasma concentration-time profiles by non-compartmental analysis (NCA)
performed using Phoenix® WinNonlin® professional software (Version 8.1.1; Pharsight Corporation, USA). The linear-
up/log-down trapezoidal rule was used to calculate the AUC. The terminal elimination rate constant (Kel) was estimated
using at least three data points within the terminal log-linear phase, with an adjusted R* > 0.80 as the acceptance
criterion. Pharmacokinetic parameters were analyzed based on the bioavailability ratio (test/reference-T/R) of the
geometric least square means (LSMs) for the natural log-transformed parameters C,,.x (Ist dose) and AUC, (3rd
dose). The 90% confidence intervals (Cls) of the T/R ratios were required to fall within the standard bioequivalence
range of 80.00% to 125.00%. Log-transformed C,,.x (1st dose) and AUC,, (3rd dose) were calculated using ANOVA
method with PROC GLM in SAS®. Differences due to treatment were considered as fixed effects.
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The geometric least-squares mean ratios (test/reference) and the corresponding 90% confidence intervals were
calculated to compare the test and reference treatments. The pharmacodynamic parameters were analyzed using T/R
ratios with 90% confidence intervals (Cls) for the comparability of PD markers, that is, COP and HCT ratio, following
the third dose (40 g dose).

Baseline correction was performed to account for endogenous albumin concentrations and to better isolate exogenous
drug exposure. However, given the inherent variability associated with endogenous proteins, both baseline-corrected and
uncorrected analyses were evaluated. Importantly, in Phase I biosimilar PK studies, standard non-compartmental
bioequivalence analysis is preferred over population-based PK modeling due to regulatory acceptance, simplicity and
suitability for dense data, with popPK used only as supportive, which may further improve robustness and will be
considered in future studies.

Safety Assessments

All participants who received the investigational products (IPs) were evaluated for safety through comprehensive
physical examinations, including vital signs, 12-lead electrocardiogram (ECG), and clinical laboratory investiga-
tions (Laboratory assessments were performed 48 h post-infusion in Part 1 and on Day 91 [+ 3 days] in Part 2).

Immunogenicity Assessments

Immunogenicity was assessed by the presence of ADAs; Immunoglobulin E (IgE), immunoglobulin G (IgG), and antibodies
against host cell proteins (anti-HCPs), present in test and reference products, using a bridging-format enzyme-linked
immunosorbent assay (validated two-tier ELISA). In Part 1, two samples (4.0 mL each) were collected, one prior to the
infusion of test tHSA or pdHSA, and another post-infusion at 48 h. In Part 2, immunogenicity was evaluated using a predefined
sampling schedule comprising collection of 12 blood samples (4.0 mL each) per participant. Samples were collected at pre-
dose, post-dose at 24.0 h, 192.0 h, and following each dose, with additional follow-up assessments conducted after each
infusion at 61, 81, and 91 days. This sampling framework was uniformly applied to all enrolled participants (N=50), resulting
in 600 total samples for immunogenicity analysis. Positive samples were further evaluated for titres and IgG/IgE subclasses.

Statistical Analysis

All continuous data are presented as the mean + standard deviation (SD), along with the minimum and maximum values
(range). Categorical variables were summarised as counts and percentages, as appropriate. PK parameters were log-
transformed and analysed using analysis of variance (ANOVA). Bioequivalence was determined, if the 90% confidence
intervals (CIs) for the geometric mean ratios of the primary PK parameters fell within the acceptance range of 80—125%.
Statistical analyses were performed using the SAS® software (Version 9.4, SAS Institute Inc., Cary, NC, USA).

Results

Demographic Characteristics

A total of 87 participants were screened, of whom 25 were excluded for not meeting the eligibility criteria. A total
of 62 participants were enrolled and allocated to Part 1 (n=12) and Part 2 (n=50). Four participants discontinued
across both parts: 2 participants in Part 1 and 2 participants in Part 2. CONSORT flow diagram (Figure 1). All
participants were Asian and identified as non-Hispanic/Latino males. Healthy volunteers were selected to minimize
confounding factors and reduce variability, thereby enabling a more sensitive assessment of pharmacokinetic and
pharmacodynamic differences between treatments. The mean (= SD) age ranged from 32.3 + 6.66 to 35.30 £ 4.73
years across the study parts. The mean BMI values were comparable across Part 2, ranging from 22.86 + 2.89 kg/
m?® to 26.57 + 2.78 kg/m®. The demographic characteristics are summarized in Table 1.

Pharmacokinetic Parameters
Serum albumin concentrations increased markedly following each dose of rHSA, with peak levels observed after the
third dose (40 g). The pattern of changes in serum albumin concentration-time profiles was comparable between the test
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Figure | CONSORT flow diagram.

rHSA and pdHSA in Part 2, with elevated levels maintained and minimal variability observed up to day 91 for both
baseline albumin-corrected and-uncorrected data (Figure 2A and B). To facilitate interpretation of variability, the
baseline-corrected profiles demonstrate treatment-attributable changes but exhibit increased variability, particularly at
later timepoints. In contrast, uncorrected profiles show more stable trends within the physiological range, providing
a clinically relevant representation of albumin levels. In both analyses, rHSA and pdHSA exhibited comparable profiles
across all dose levels. In the baseline albumin-corrected data, test-to-reference (T/R) ratio of the geometric means of C .«
for rHSA and pdHSA following 1st dose (10 g) was 131.15%, with 90% ClIs of 80.03%-214.93%, exceeding the
predefined bioequivalence limits of 80—-125%. Baseline correction reduced post-dose concentrations (most of the patients
had no change in albumin levels after baseline correction) and amplified inter-individual variability owing to endogenous
albumin fluctuations. Consequently, only one participant met the criteria for reliable terminal slope estimation, precluding
the robust estimation of AUC,_., in most participants. However, in three-five participants, the baseline uncorrected total
albumin profiles demonstrated comparatively better post-dose signals and yielded stable slope estimates. Moreover, the
Cmax and AUC; parameters were evaluated in more participants (baseline-corrected 11 vs. baseline-uncorrected up to
n=25), and these parameters were within the accepted bioequivalence limits, supporting reliable PK comparability
between rHSA and pdHSA.
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Table | Demographic Characteristics

Variables

Part | (N=12)

Part 2 (N=50)

Cohort |

Cohort 2

Cohort 3

rHSA 10 g (n=3)

rHSA 20 g (n=3)

rHSA 40 g (n=6)

rHSA? (n=25)

pdHSA? (n=25)

Age (years)

32.30 + 6.66 (25, 38)

35.30 + 473 (30, 39)

33.7 £ 5.47 (26, 41)

348 + 5.06 (23, 44)

35.0 + 6.92 (20, 44)

Male n (%) 3 (100) 3 (100) 6 (100) 25 (100) 25 (100)
Asian n (%) 3 (100) 3 (100) 6 (100) 25 (100) 25 (100)
Not Hispanic/Latino n (%) 3 (100) 3 (100) 6 (100) 25 (100) 25 (100)

BMI (kg/m?)

25.73 £+ 1.36 (24.9, 27.3)

26.57 £ 2.78 (24.4, 29.7)

24.75 + 2.87 (21.8, 28.9)

23.28 + 3.28 (19.1, 29.7)

22.86 + 2.89 (18.7, 29.6)

Height (cm)

166.17 + 4.37 (162.5, 171.0)

166.83 + 6.25 (160.5, 173.0)

168.08 + 3.14 (165.0, 173.5)

168.70 + 6.66 (157.5, 182.0)

166.42 + 5.427 (155.0, 180.0)

Weight (kg)

70.90 + 2.54 (68.0, 72.7)

73.67 £ 257 (71.5, 76.5)

69.72 £ 6.16 (62.6, 78.6)

66.24 + 10.05 (523, 91.4)

63.29 + 8.49 (503, 84.6)

Notes: Data are presented as mean + SD (range) and n (%). *Escalating doses of 10 g, 20 g, or 40 g at 3-week intervals (on Day |, Day 22, and Day 43) for Part 2.
Abbreviations: BMI, body mass index; pdHSA, plasma-derived human serum albumin; rHSA, recombinant human serum albumin.

Furthermore, following the 3rd dose, the baseline-corrected T/R ratio for AUC; was 189.73% with a 90% CI (92.68%
- 388.40%), which was outside the bioequivalence limits. However, analyses based on the baseline-uncorrected data
demonstrated PK comparability between rHSA and pdHSA. Specifically, the T/R ratio of C,,, after 1st dose was 99.12%
and AUC, after 3rd dose was 97.36%, with corresponding 90% ClIs (C,.x of 1st dose: 88.97-110.42%; AUC; of third
dose: 86.41-109.70%) falling within the accepted bioequivalence range of 80-125% (Table 2).

Pharmacodynamic Parameters

Colloid Osmotic Pressure (COP)

In Part 2, the increase in COP observed in the rHSA-treated group was comparable to that in the pdHSA group, with peak
values occurring one day after administration of the second ascending dose (20 g) on day 23 in both groups. A similar
peak was observed on Day 44 following the administration of the third ascending dose (40 g), corresponding to the trends
in serum albumin levels (Figure 3). The AUEC, for COP following the final dose demonstrated bioequivalence between
rHSA and pdHSA, with a test-to-reference (T/R) ratio of 103.43% and 90% ClIs (100.23%; 106.74%), falling within the
predefined bioequivalence range (Table 3).

Hematocrit (HCT) Ratio

Maximum haemodilution was observed following administration of the 40 g dose in both rHSA- and pdHSA-treated
groups in Part 2. The AUEC; for the HCT ratio following the administration of a 40 g dose demonstrated bioequivalence
between test rHSA and pdHSA with a T/R ratio of 95.43% with 90% ClIs (91.89%; 99.10%) within the predefined
bioequivalence limits (Table 3).

Safety

No SAEs occurred in either Part 1 and Part 2 during the study. Notably, in Part 1, no DLTs were observed within the first
48 h following rHSA infusion at doses up to 40 g. In Part 2, 4 AEs, including vomiting (1), dizziness (1), and urticaria
(2), were reported in the rHSA group. All reported AEs were mild-to-moderate in severity and resolved without sequelae.
Furthermore, 11 clinically insignificant laboratory abnormalities were observed during the study and were considered
unlikely to be related to the investigational products (test-rHSA/reference-pdHSA). These include increased alanine
aminotransferase (1), increased blood glucose (1), decreased blood phosphorus (2), increased blood triglycerides (1),
decreased lymphocyte percentage (1), increased neutrophil percentage (1), and increased white blood cell count (3) in the
test rtHSA group. In the pdHSA group, a single event of increased blood bilirubin level was reported (Table 4).
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Figure 2 (A) Linear scale of mean serum albumin concentration (+ SEM) (g/dL) vs time profiles of recombinant human serum albumin (rHSA) and plasma derived human
serum albumin (pdHSA) up to 91 days following escalating doses of 10 g, 20 g, and 40 g with baseline albumin corrected data. Reference, pdHSA and Test, rHSA. (B) Linear
scale of mean serum albumin concentration (+ SEM) (g/dL) vs time profiles of test recombinant human serum albumin (rHSA) and plasma derived human serum albumin
(pdHSA) up to 91 days following escalating doses of 10 g, 20 g, and 40 g with baseline albumin uncorrected data. Reference, pdHSA and Test, rHSA.

Immunogenicity (ADAs-IgG and IgE, and Anti- HCPs)

All participants tested negative for IgE and anti-HCP antibodies across all doses and treatment groups. In Part 1, no
immunogenic response was observed in any participant. In Part 2, none of the participants in the test rHSA group
developed IgG antibodies after the first two doses. One participant in the pdHSA group had pre-existing IgG antibodies
that remained positive throughout the study period (up to day 90). Following the administration of the third dose, 1gG
antibodies were detected on day 51 (192 h) in four (16.0%) participants receiving the test rHSA. In the pdHSA group,
IgG antibodies were detected in one (4.0%) participant on days 43 and 44 and subsequently in three (12.0%) participants
on day 51 (192 h). One participant in the rHSA group developed transient ADAs that tested positive on day 61 and
negative thereafter. Most IgG-positive participants in both groups remained IgG-positive at the follow-up visit on day 91
(EOS). No statistically significant differences in immunogenic responses were observed between both the groups
(Table 5).
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Table 2 Comparison of Geometric Means of Primary Pharmacokinetic Parameters for Baseline Albumin Corrected/
Uncorrected Data Between Test Recombinant Human Serum Albumin (rHSA) and Plasma-Derived Human Serum
Albumin (pdHSA) in Healthy Volunteers

PK Parameter rHSA (N) pdHSA (N) | Inter-Subject CV (%) | T/R Ratio (%) 90% ClI

Baseline albumin corrected data

Conax (g/dL) [Ist (10 g) dose] 1142 (11) 0.871 (14) 79.810 131.15 (80.03%;214.93%)

AUC, (g/dLy*(h) [3rd (40 g) dose] | 745358 (11) | 392.852 (9) 107.167 189.73 (92.68%;388.40%)

Baseline albumin uncorrected data

Crnax (g/dL) 5.073 (25) 5.118 (25) 23.025 99.12 (88.97%;110.42%)
[Ist (10 g) dose]

AUC, (g/dLy*(h) [3rd (40 g) dose] | 5200.246 (23) | 5341.356 (23) 24.408 97.36 (86.41%;109.70%)

Abbreviations: AUC,, area under the curve from time zero to time t; C,,, maximum serum concentration; Cl, confidence interval; CV, coefficient of
variation; h, hour; pdHSA, plasma-derived human serum albumin; rHSA, recombinant human serum albumin; T/R, test to reference ratio (rHSA/pdHSA).

Discussion
The present study evaluated the safety, tolerability, PK/PD, and immunogenicity of a newly developed rHSA test product
compared with those of pdHSA in healthy volunteers. The rationale for the selected dose range (10 g, 20 g, and 40 g) was
based on previous reports demonstrating the safety of albumin administration up to 50 g in healthy individuals.?' %** The
absence of DLTs across all dose levels supports the favourable safety profile of the test rHSA. The study drug was safely
administered at up to 40 g with no DLTs during Part 1, which also served as the highest dose evaluated in Part 2 of the
study. A three-week dosing interval (Days 1, 22, and 43) was implemented in Part 2 for administering the escalating doses,
ie. 10 g, 20 g and 40 g to reflect the long physiological turnover period of albumin (approximately 25 days, reported by
Levitt and Levitt). Albumin also has a long pharmacokinetic half-life in healthy adults (~19-21 days), and this dosing
interval was selected to reduce the likelihood of drug accumulation.**

Pharmacokinetic comparability between test rtHSA and pdHSA was demonstrated using baseline-uncorrected albumin
concentrations. In contrast, the baseline-corrected and uncorrected PK outcomes showed discrepancies, reflecting the

Colloid Osmotic Pressure (mm of Hg)
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Figure 3 Linear scale of mean colloid osmotic pressure (mmHg) (£SEM) vs time profiles of test recombinant human serum albumin (rHSA) and plasma derived human
serum albumin (pdHSA) up to 91 days following escalating doses of 10 g, 20 g, and 40 g. Reference, pdHSA and Test, rHSA.
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Table 3 Comparison of Pharmacodynamic Parameters (COP and HCT Ratio) Between Test Recombinant Human Serum Albumin
(rHSA) and Plasma-Derived Human Serum Albumin (pdHSA) in Healthy Volunteers Following Third (40 g) Dose

Pharmacodynamic rHSA pdHSA Inter-Subject CV TIR ratio 90% ClI
Parameter (%) (%)
N Geometric N Geometric
Mean Mean

Colloid osmotic pressure

AUEC, (mmHg)*(h) 23 35,964.042 23 34,770.545 6.349 103.43 (100.23%; 106.74%)
HCT ratio
AUEC, (h*%) 23 46,834.43 23 49,079.09 7.62 95.43 (91.89%; 99.10%)

Abbreviations: AUEC,, area under the effect curve from time zero to time t; Cl, confidence interval; CV, coefficient of variation; pdHSA, plasma-derived human serum
albumin; rHSA, recombinant human serum albumin; T/R, test to reference ratio (rHSA/pdHSA).

Table 4 Summary of Adverse Events (AEs)

Adverse Events rHSA® (N=25) n (%) [E] | pdHSA® (N=25) n (%) [E]
Mild 3 (12.00) [3] 0 (0.00)
Moderate 1 (4.00) [I] 0 (0.00)

Severe 0 (0.00) 0 (0.00)
Participants with at least one adverse event 9 (36.00) [14] 1 (4.00) [I]

Non-serious Adverse events

Vomiting 1 (4.00) [I] 0 (0.00)
Dizziness 1 (4.00) [I] 0 (0.00)
Urticaria 2 (8.00) [2] 0 (0.00)

Abnormal Laboratory Parameters

Alanine aminotransferase increased 1 (4.00) [I] 0 (0.00)
Blood bilirubin increased 0 (0.00) 1 (4.00) [I]
Blood glucose increased 1 (4.00) [I] 0 (0.00)
Blood phosphorus decreased 2 (8.00) [2] 0 (0.00)
Blood triglyceride increased 1 (4.00) [I] 0 (0.00)
Lymphocyte percentage decreased 1 (4.00) [I] 0 (0.00)
Neutrophil percentage increased 1 (4.00) [I] 0 (0.00)
White blood cell counts increased 3 (12.00) [3] 0 (0.00)

Notes: Data are presented as n (%) and number of events. * Escalating doses of 10 g, 20 g, or 40 g at 3-week intervals (on Day
I, Day 22, and Day 43).
Abbreviations: E, Events; pdHSA, plasma-derived human serum albumin; rHSA, recombinant human serum albumin.

known challenges in estimating PK for endogenous proteins.>® Baseline correction amplified physiological fluctuations
and increased the influence of low-level variability at late sampling points, destabilizing the terminal elimination rate
constant (Kel) and inflating the extrapolated portion of AUC, .. Nonetheless, these effects did not reflect assay
limitations, sampling issues, or true differences in disposition between rHSA and pdHSA.
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Table 5 Participants with Positive IgG (Confirmatory) in Test
Recombinant Human Serum Albumin (rHSA) and Plasma-Derived
Human Serum Albumin (pdHSA)-Treated Group

Time Point rHSA (N=25) n (%) | pdHSA (N=25) n (%)
At 10 g dose

Day | (0.00) 0 (0.00) 1 (4.00)
Day 2 (24.00 h) 0 (0.00) 1 (4.00)
Day 9 (192.00 h) 0 (0.00) 1 (4.00)
At 20 g dose

Day 22 (0.00 h) 0 (0.00) 1 (4.00)
Day 23 (24.00 h) 0 (0.00) 1 (4.00)
Day 30 (192.00 h) 0 (0.00) 1 (4.00)
At 40 g dose

Day 43 (0.00 h) 0 (0.00) 1 (4.00)
Day 44 (24.00 h) 0 (0.00) 1 (4.00)
Day 51 (192.00 h) 4 (16.00) 3 (12.00)
Day 61 (432.00h) 5 (20.00) 3 (12.00)
Day 81 (912.00 h) 4 (16.00) 2 (8.00)
Day 91 (1152.00 h) 4 (16.00) 3 (12.00)

Notes: Data are presented as n (%).
Abbreviations: pdHSA, plasma-derived human serum albumin; rHSA, recombinant
human serum albumin.

The uncorrected total-albumin profiles showed an orderly terminal decline and yielded reproducible PK estimates.
The geometric mean (T/R) ratios observed for C.« (Ist dose) and AUC, (3rd dose) were within the accepted
bioequivalence range, indicating comparable systemic exposure and elimination kinetics. The lack of equivalence
observed with baseline-corrected data most likely reflects the endogenous nature of albumin, its internal redistribution
(eg. vascular-to-interstitial shifts), the healthy-participant study population, and increased inter-individual variability. In
the uncorrected dataset, albumin concentrations remained consistently quantifiable at late time points for most partici-
pants, whereas an apparent decline emerged only after baseline subtraction, indicating that baseline correction rather than
assay performance contributed to the observed instability. Albumin is subjected to tight homeostatic regulation, and
AUC,_, could not be reliably estimated in most participants, and was therefore assessed descriptively in a limited subset,
in alignment with previously reported studies on recombinant albumin formulations.>**® These observations highlight the
known limitations of baseline correction for endogenous proteins, where physiological variability may influence para-
meter estimation. Advanced modeling approaches, such as mixed-effects models, may be warranted to provide improved
characterization of PK profiles in future study investigations. Furthermore, the wide confidence intervals observed in
baseline-corrected PK parameter analyses further highlight the variability and reduced reliability of these estimates.

The originally planned parameter AUC,, could not be reliably estimated because of the absence of a consistent
terminal log-linear phase, limited quantifiable post-T,,., concentrations, and presence of highly extrapolated fractions (>
20%). This is in-line with similar challenges that have been noticed in earlier bioequivalence assessment studies of

16,24

albumin, emphasizing the practical limitations of deriving AUC,, for large endogenous proteins. Minor differences in

clearance (CL) and volume of distribution (V4) between formulations were observed after baseline correction, with the
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test rtHSA exhibiting slightly lower CL values, suggesting slower systemic elimination. The V4 values were comparable
across certain doses, indicating similar tissue distribution characteristics between the two formulations.

A direct comparison of the elimination half-life (t2) between test rHSA and pdHSA was not performed, as reliable
estimation of the terminal phase was limited by the highly variable endogenous nature of albumin, baseline correction,
and low post-dose signals in several participants. However, in the baseline-uncorrected analysis, (CL) and (V) values
were closely aligned between treatments across all dose levels, suggesting similar elimination kinetics for rHSA and
pdHSA. These findings highlight that endogenous and exogenous albumin are handled similarly by physiological
regulatory mechanisms, with dynamic redistribution between intravascular and extravascular compartments to maintain
systemic homeostasis. These observed PK differences may be influenced by intrinsic molecular- and production-related
factors. The rHSA was expressed in recombinant systems (such as Pichia pastoris), which can introduce minor charge
heterogeneity or glycosylation patterns. Nonetheless, the observed high inter-subject variability was within the expected
physiological range and did not indicate any clinically meaningful differences.

Pharmacodynamic outcomes further supported the PK findings in a direct manner. Administration of rHSA and
pdHSA produced comparable increases in COP, with corresponding reductions in the HCT ratio, indicating equivalent
oncotic activity. Albumin contributes approximately 80% of plasma COP and its synthesis is primarily regulated by
oncotic pressure; thus, these findings were consistent with the classic work of Tayek and Blackburn et al, who
demonstrated that circulating albumin concentration directly influences plasma oncotic pressure and HCT responses in
healthy individuals.***” The observed PD similarity supports functional equivalence between test rHSA and pdHSA and
reinforces the clinical relevance of the pharmacokinetic comparability findings. Although no point-by-point statistical
comparison of concentration time profiles was not performed, the observed similarity between treatments is supported by
demonstrated bioequivalence of key PK parameters. Additionally, exploratory correlation was not performed, the PK
exposures directly correlated with the PD (COP and HCT) as discussed above and also the immunogenicity endpoints
were not correlated and warrant further investigation in larger studies.

The test rtHSA 20% solution was well tolerated across all evaluated doses (10, 20, and 40 g), with cumulative
exposure up to 70 g. No serious or severe adverse events occurred in the study. Reported adverse events, including
urticaria, vomiting, and dizziness, were mild-to-moderate, transient, and self-limiting. These findings are consistent with
previous reports on recombinant albumin safety in humans.*®

Immunogenicity assessments demonstrated low and comparable rates of IgG positivity between the treatment groups.
Low-titre IgG antibodies were detected in a small proportion of participants following repeated dosing; however, no IgE-
mediated responses or anti-host cell protein antibodies were observed. Although these IgG responses were low-titre and
not associated with any clinical or pharmacological impact, their potential long-term implications cannot be fully
excluded and warrant further evaluation in larger and longer-term studies. This minimal immunogenic potential reflects
the high degree of molecular similarity between rHSA and its plasma-derived counterpart. The absence of hypersensi-
tivity reactions, lack of impact on pharmacokinetic profiles, and comparable incidence between treatment groups suggest
minimal clinical relevance of immunogenic potential. The expression of rtHSA in Pichia pastoris and stringent purifica-
tion processes effectively reduce residual impurities and mitigate the risk of immune-mediated responses. Additionally,
some antibody responses were transient in nature. These findings are consistent with the low immunogenic potential
expected for a highly purified recombinant protein with structural similarity to endogenous albumin. Nevertheless, long-
term studies in patient populations are warranted to fully evaluate the clinical implications of repeated exposure.

The findings of this study are consistent with the predefined objectives and demonstrate comparable pharmacokinetic,
pharmacodynamic, and safety profiles between recombinant and plasma-derived human serum albumin. These results
align with previous Phase I studies, which have similarly reported no significant differences in PK/PD behavior or safety
outcomes between recombinant and plasma-derived albumin formulations.?® Furthermore, Phase II/III clinical trials in
patients with liver cirrhosis and ascites have reported that tHSA produces comparable increases in serum albumin levels
and maintains a favourable safety and immunogenicity profile relative to human serum albumin.*’

Overall, this study demonstrated that rHSA is pharmacokinetically, pharmacodynamically, and immunogenically
comparable to pdHSA with excellent safety and tolerability across clinically relevant doses. These findings confirm that
rHSA can be considered a safe, tolerable, and pathogen-free alternative to pdHSA for clinical and biopharmaceutical
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applications. Further studies in patient populations and under long-term treatment conditions are warranted to confirm the
therapeutic potential of rHSA.

Limitations

The limited demographic diversity of the study population, including the absence of female participants and restricted
ethnic representation, should be considered when interpreting the generalizability of the findings. This was a single-
centre study of healthy volunteers with a modest sample size (but a generally employed sample size for Phase I Studies)
and without a placebo control. The absence of arm was due to the endogenous nature of albumin and regulatory guidance
for Phase I biosimilars, instead an active comparator was used. Conducting the study in healthy volunteers minimized the
disease-related variability and ensured internal validity. Given that albumin is an endogenous protein and both treatments
are active comparators, inclusion of a placebo arm was not considered scientifically or ethically necessary. However, the
absence of a placebo arm limits the ability to fully characterize natural fluctuations in endogenous albumin. In addition,
the interstitial albumin levels could not be assessed. Additionally, the limited number of evaluable participants for certain
PK parameters (Estimation of AUC,.) may reduce confidence in these estimates, which are further constrained by
variability in terminal-phase extrapolation across most profiles; however, no historical data have been reported owing to
the challenges involved. Furthermore, the wide confidence intervals observed for certain baseline-corrected PK para-
meters indicate variability and imprecision, likely due to sample size and inter-individual variability, limiting their
interpretability. Nonetheless, these findings should be interpreted cautiously and confirmed in patients with hypoalbu-
minaemia or liver disease, where the albumin kinetics may differ. The long-term clinical significance of observed IgG
immunogenic responses remains to be established.

Conclusion

In conclusion, rHSA demonstrated favourable safety and tolerability, and was pharmacologically comparable to
pdHSA following intravenous administration in healthy adults. Comparable pharmacokinetic and pharmacodynamic
profiles, together with the absence of clinically relevant immunogenic responses, indicate that rHSA is a safe and
pathogen-free alternative to pdHSA. Test rHSA was safely administered at cumulative single doses of up to 40 g, with
AUC,; serving as the key exploratory pharmacokinetic parameter confirming the similarity between the two products.
These findings warrant further clinical evaluation of rHSA in patients requiring albumin therapy, including those with
liver cirrhosis, septic shock, or HRS. A randomised Phase III clinical trial comparing the efficacy, safety, and
immunogenicity of rHSA and pdHSA in participants with decompensated liver cirrhosis with ascites is currently
under progress.

CTRI Trial Registration
This study followed CONSORT reporting standards, and the trial was registered with the Clinical Trials Registry of India

(CTR1/2023/04/051487).

Data Sharing Statement

The datasets generated and/or analyzed during the current study are not publicly available due to confidentiality
considerations but are available from the corresponding author upon reasonable request via Email at veerendrap.
frd@shilpamedicare.com.
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This study was conducted in accordance with the Declaration of Helsinki. The study protocol number C1B01642
(approval number), received approval from the Sangini Hospital Ethics Committee, Ahmedabad, Gujarat, India. All
participants provided written informed consent prior to enrolment after being fully informed about the study’s purpose,
procedures, and potential risks, and were made aware of their right to withdraw at any time.
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