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A B S T R A C T   

Human milk lactoferrin (hmLF) is a glycoprotein with well-known effects on immune function. Helaina Inc. has 
used a glycoengineered yeast, Komatagaella phaffii, to produce recombinant human lactoferrin (Helaina rhLF, 
Effera™) that is structurally similar to hmLF with intended uses as a food ingredient. However, earlier FDA 
reviews of rhLF were withdrawn due to insufficient safety data and unanswered safety questions the experts and 
FDA raised about the immunogenicity/immunotoxicity risks of orally ingested rhLF. Helaina organized a panel of 
leading scientists to build and vet a safety study roadmap containing the studies and safety endpoints needed to 
address these questions. Panelists participated in a one-day virtual workshop in June 2023 and ensuing dis
cussions through July 2023. Relevant workshop topics included physicochemical properties of LF, regulatory 
history of bovine LF and rhLF as food ingredients in the FDA’s generally recognized as safe (GRAS) program, and 
synopses of publicly available studies on the immunogenicity/alloimmunization, immunotoxicology, iron ho
meostasis, and absorption, distribution, metabolism, and excretion of rhLF. Panelists concluded that the safety 
study roadmap addresses the unanswered safety questions and the intended safe use of rhLF as a food ingredient 
for adults and agreed on broad applications of the roadmap to assess the safety and support GRAS of other re
combinant milk proteins with immunomodulatory functions.   

1. Introduction 

Human milk lactoferrin (hmLF) is an iron-binding glycoprotein with 
well-documented effects on immune function (Hennart et al., 1991; 
Lönnerdal, 2013; Manzoni, 2016) that make it an appealing food 
ingredient. However, isolating it from human milk for large-scale 

commercial production is cost-prohibitive and presents several ethical 
challenges. Helaina Inc. has produced recombinant human lactoferrin 
(rhLF, Effera™) at a commercial scale using a genetically engineered 
strain of yeast, Komatagaella phaffii (formerly classified as Pichia pas
toris), for a range of food applications. Despite the reclassification of 
Pichia pastoris (P. pastoris) to Komatagaella phaffii (K. phaffii) in 1995 
(Kurtzman, 2005), many recent references in the GRAS notice database 
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(e.g., soy leghemoglobin (US FDA, 2018) and myoglobin (US FDA, 
2021b) and public literature use the Pichia pastoris nomenclature. Re
sults from a recently conducted battery of analytical studies indicate that 
the physical and chemical characteristics of the Helaina rhLF are similar 
to those of hmLF (Lu et al., 2024). 

In 2023, Helaina organized a virtual, one-day workshop with six 
leading US experts representing diverse backgrounds in immunology, 
allergy, toxicology/immunotoxicology, nutrition, ingredient risk 
assessment, and LF chemistry and function. Supplementary Table 1 
(Supplementary material) lists the panel members, their affiliations, and 
areas of expertise. The two objectives of the workshop were to 1) 
determine the studies and data needed to assess the alloimmunization 
and immunotoxicity risks of orally ingested rhLF and 2) evaluate 
Helaina’s analytical and safety study framework to determine if it 
adequately addresses unanswered safety questions related to the func
tion of LF. The output was a study roadmap detailing preclinical and 
clinical studies and endpoints to evaluate the safety of rhLF as a food 
ingredient. 

2. Regulatory framework to evaluate the safety of novel 
ingredients – US context 

2.1. GRAS safety standard definition of safety – reasonable certainty of 
no harm 

In the US, the GRAS notification process is broadly recognized by 
industry as the most common mechanism to make the public aware that 
a company has determined a food ingredient is safe for defined condi
tions of use and use levels and that qualified experts would agree with 
that determination. The GRAS provision is an exclusion from the 

requirement to do a pre-market approval through FDA regulation; 
however, the company must still meet the strict safety standard for a 
valid GRAS conclusion. The safety standard for GRAS substances, as 
defined in 21 CFR 170.3(i), is reasonable certainty in the minds of 
competent scientists that a substance is not harmful under the intended 
conditions of use (Office of the Federal RegisterNational Archives and 
Records Administration, 2023). In a 2023 publication, FDA review sci
entists described reasonable certainty of no harm as a sensible safety 
standard, considering that absolute certainty of no harm is nearly 
impossible to establish scientifically for any food ingredient (Morissette 
et al., 2023). For the uses of a substance to be GRAS, safety must be 
demonstrated through scientific procedures or history of use and, 
further, that there is general recognition among qualified experts that 
those uses are safe. The pivotal safety data must be generally available 
and widely accepted. The term general availability implies the data are 
published in peer-reviewed scientific journals, scientific reports, or 
other scientific publications; general acceptance refers to the consensus, 
but not unanimity, among qualified scientific experts regarding the 
safety of the substance. Information supporting a GRAS conclusion must 
satisfy these components to meet the safety standard of reasonable 
certainty of no harm and the general acceptance criteria. An expert 
panel is one mechanism a proponent may use to support evidence of 
general acceptance (US Food and Drug Administration, 2022). 

2.2. Prior GRAS notices for LF 

Recombinant human lactoferrin has a history in the GRAS program 
at the FDA. Recombinant human lactoferrin was the subject of three 
GRAS Notices (US FDA, 2007, 2005, 2004). A comparison of rhLF from 
transgenic rice and transgenic cows is shown in Supplementary Table 3 

Abbreviations 

ADME Absorption, distribution, metabolism, excretion 
Anti-LF Anti-lactoferrin 
bLF Bovine lactoferrin 
DC Dendritic cells 
DRF Dose-range-finding 
FARRP Food Allergy Research and Resource Program 
FDA Food and Drug Administration 
FOIA Freedom of Information Act 
GRAS Generally recognized as safe 
HLA-DRB1 Human leukocyte antigen-D-related beta chain 

hLF Human lactoferrin 
hmLF Human milk lactoferrin 
IgE Immunoglobulin E 
IgG Immunoglobulin G 
LF Lactoferrin 
NOAEL No observed adverse effect level 
NCBI National Center for Biotechnology Information 
OECD Organization for Economic Co-operation and Development 
PBMC Peripheral blood mononuclear cells 
rhLF Recombinant human lactoferrin 
TK Toxicokinetics  

Box 1  

Unanswered safety questions.  

1. Immunogenicity (Alloimmunization)/Allergenicity/Autoimmunity: Does ingestion of rhLF lead to a breakdown in tolerance?  
2. Immunotoxicity: Does ingestion of rhLF lead to immunotoxicity?  
3. Iron homeostasis: How does ingestion of rhLF affect iron homeostasis?  
4. ADME: What are the differences in digestion between hmLF and rhLF produced from transgenic Komatagaella phaffii? 

Summary of the 2008 Expert Panel at Toxicology Forum.  

1. Immunogenicity, cross-reactivity, autoimmunity, and allergenicity remain significant concerns.  
2. Immunological concerns exist with both oral and parenteral routes of administration.  
3. Recombinant proteins are different from their native counterparts, which can present additional safety risks.  
4. Assessing the safety of human proteins in animal studies is not a meaningful indicator of safety in humans.  
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(Fujiyama et al., 2004; Le Parc et al., 2017). These rhLF products showed 
strong toxicological safety profiles (Appel et al., 2006; Cerven et al., 
2008a, 2008b). However, these GRAS Notices were withdrawn due to 
insufficient data to evaluate endpoints specific to LF functionality 
coupled with the need for more information about the effects of 
increased exposure to a protein known to have multiple functions on the 
immune system. In 2022, the FDA made the correspondence between 
the agency and each respective notifier of rhLF publicly available 
through the Freedom of Information Act (FOIA). In addition to safety 
questions in the present literature identified by Helaina, the FOIA cor
respondence contained unanswered safety questions raised during these 
previous notices and a summary of an FDA-moderated session with an 
expert panel at the 2008 Toxicology Forum on the Use of Recombinant 
Human Proteins as Food Ingredients (Supplementary Table 2). The 
primary unanswered safety questions raised by this expert panel in 2008 
related to the immune functionality and include the potential for 
alloimmunization (immunogenicity) and immunotoxicology. Additional 
considerations raised by FDA in the FOIA documents related to iron 
homeostasis and absorption, distribution, metabolism, and excretion 

(ADME) of LF. Following a thorough review of the present-day literature 
on LF and FOIA correspondence, Helaina concluded that these unan
swered questions needed to be addressed to thoroughly evaluate rhLF 
safety (Box 1). 

3. Expert panel method 

On June 15, 2023, the experts participated in the panel workshop 
moderated by Spherix Consulting Group. Helaina Regulatory and 
Research and Development scientists were also in attendance. Before the 
workshop, panelists were provided with current scientific background 
information on LF, Helaina’s up-to-date literature assessment of safety 
information, and the FOIA correspondence on previous rhLF GRAS 
Notices that included the safety questions previously raised. The time
line and activities central to developing the study roadmap are illus
trated in Fig. 1. 

During the first half of the workshop, Dr. Dietrich Conze (Spherix) 
presented current background information on LF. The topics included 
the structure and function of hmLF, ADME of LF, regulatory history of 

Fig. 1. The timeline of key activities that informed the safety study roadmap of Helaina rhLF to demonstrate reasonable certainty of no harm. 
GRAS = generally recognized as safe; CFSAN = Center for Food Safety and Applied Nutrition; FOIA = Freedom of Information Act; rhLF = recombinant human 
lactoferrin; FDA = Food and Drug Administration. 

Box 2  

Descriptions of key terms used by the expert panel.  

• Immunogenicity: the ability of the immune system to generate an immune response to a foreign protein (Tao and Raz, 2015)  
• Alloimmunization: an immune response triggered when an individual lacking a specific antigen is exposed to this antigen from another 

human, resulting in an immune response directed at self-proteins (Hendrickson and Tormey, 2016)  
• Allergenicity: the ability of an antigen to induce an abnormal immune response (i.e., an overreaction and different from a normal immune 

response), causing physiological function disorder or tissue damage (Tao and Raz, 2015)  
• Immunotoxicity: an adverse effect on immune system structure or function that is caused by chemical or biological compounds resulting from 

direct or indirect actions and manifesting as either permanent or reversible toxicity (Hinton, 2000)  
• Iron homeostasis: physiological mechanisms that regulate dietary absorption, distribution, and concentration of iron in plasma and tissues/ 

organs (Guo et al., 2016)  
• Recombinant human lactoferrin: a form of human lactoferrin expressed from transgenic organisms, such as cows, rice, or yeast (e.g., 

K. phaffii), and is structurally and functionally similar to human lactoferrin (Le Parc et al., 2017)  
• Immune tolerance: the ability of the immune system to prevent an immune response to self-antigens or against a particular antigen. When 

tolerance is lost, autoimmune diseases or food allergies/cross-reactivity may occur (Farhangnia and Akbarpour, 2022)  
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bovine LF (bLF) and rhLF as food ingredients in the GRAS program, 
GRAS criteria, composition and characterization of Helaina rhLF, and a 
synopsis of studies on the immunogenicity of rhLF. The goal of the 
second half of the workshop was to determine if Helaina’s safety study 
plan adequately addressed unanswered safety questions. Following the 
workshop, expert panelists participated in additional meetings to pro
vide input to refine the final study roadmap. Several essential terms 
related to the safety studies were mentioned during the workshop and 
follow-up meetings and are described in Box 2. 

4. Summary of preclinical and clinical safety studies presented 
at the expert panel workshop 

This expert panel was convened to review publicly available studies 
on immunogenicity/alloimmunization, immunotoxicology, and ADME 
of LF. They were tasked with providing feedback and input on the 
proposed safety study roadmap to address the unanswered questions 
and, hence, assess the safety of Helaina rhLF expressed in Komagataella 
phaffii. These scientific experts concluded that performing the agreed- 

upon studies, assuming positive results, should suffice to meet the 
GRAS safety standard of reasonable certainty of no harm. 

To inform the discussion and the final study roadmap, Dr. Conze 
presented a comprehensive analysis of corroborative published pre
clinical and clinical studies related to the safety of rhLF as a food 
ingredient from various expression systems other than K. phaffii. 
(Vishwanath-Deutsch et al., 2024). The main points from that analysis 
are shown in Box 3. 

5. Expert panel’s recommended study roadmap and endpoints 
to evaluate the safety of recombinant human lactoferrin 

Recombinant human lactoferrin is not only a dietary source of iron 
but also has physicochemical properties that support immune function 
and is intended for use in conventional foods. Given the intended use of 
rhLF, the impact of LF on immune function, and the limitations of animal 
models to assess safety adequately for alloimmunization/immunoge
nicity endpoints, clinical studies are suggested to evaluate the safety of 
the increased exposure of rhLF for immune-related endpoints. As such, 

Box 3  

Key corroborative preclinical and clinical safety study findings for rhLF presented during the expert panel workshop.  

• Animal toxicology studies reported that orally ingested rhLF (from bioengineered rice and cows) was tolerated and showed no toxicity-related 
changes in safety/tolerability endpoints; the no observed adverse effect levels (NOAEL) were the highest oral doses tested, which ranged 
between 1000 mg/kg body weight/day and 2000 mg/kg body weight/day (Appel et al., 2006; Cerven et al., 2008a, 2008b).  

• Additional animal studies using piglets showed that rhLF (from bioengineered cows) was well-tolerated with no adverse effects (Cooper et al., 
2013, 2014a, 2014b; Hu et al., 2012; Li et al., 2014; Zhou et al., 2011)  

• In clinical studies conducted in various adult patient populations (e.g., cancer, sepsis) and healthy volunteers, oral ingestion of rhLF (from 
bioengineered Aspergillus niger and rice) was well-tolerated (Digumarti et al., 2011; Guntupalli et al., 2013; Guttner et al., 2003; Hayes et al., 
2006, 2010; Jonasch et al., 2008; Laffan et al., 2011; Laskow et al., 2021; Opekun et al., 1999; Parikh et al., 2011; Sortino et al., 2019; Troost 
et al., 2003; Vincent et al., 2015).  

Box 4  

Discussion points of the expert panel on rhLF, safety studies, and endpoints to meet the FDA safety standard.  

1. The expert panel agreed with the key safety considerations from the expert panel of the 2008 Toxicology Forum moderated by FDA.  
2. The ingredient characterization/chemical identity (i.e., full structural characterization) of Helaina rhLF expressed in Komagataella phaffii 

was thorough and complete (Lu et al., 2024).  
3. The safety study roadmap is critical to address the key questions raised.  
4. Pivotal safety data need to be publicly available through publication in peer-reviewed journals, public meetings, and advisory committees to 

establish consensus.  
5. Animal models are insufficient to assess safety for alloimmunization/immunogenicity endpoints.  
6. Evaluate whether the FDA guidance documents from the Center for Drug Evaluation and Research/Center for Biologics Evaluation Research 

Guidance on Immunogenicity may provide insight in answering safety questions related to immunogenicity. 
7. A human clinical trial of sufficient length is suggested to assess the risk of alloimmunization/immunogenicity by evaluating the develop

ment of anti-LF antibodies. 
8. Human cellular assays with antigen-presenting cells and peripheral blood mononuclear cells (PBMC) are important to assess the immu

nogenicity potential of rhLF.  
9. Unanswered questions related to immune safety should be evaluated in an appropriate rodent study and include immunotoxicological and 

immunogenicity endpoints.  
10. Although in vitro and animal studies show LF has immunogenic potential, their relevance to the immunogenicity of rhLF in humans has not 

been correlated.  
11. Regarding iron saturation, rhLF will take up any free iron, and the contribution of iron from more saturated rhLF is not significant relative to 

the typical dietary intake of iron. Yet, iron-related parameters should be evaluated in preclinical and clinical studies.  
12. The results from the in vivo rat toxicokinetic (TK) study and the in vitro adult digestion study using the standardized INFOGEST protocol 

(Brodkorb et al., 2019) are sufficient in combination with corroborating published literature regarding ADME of LF to predict rhLF digestion 
in adult humans; therefore, evaluating ADME of Helaina rhLF in humans is not necessary.  
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the expert panel emphasized that the study roadmap is critical to address 
any safety concerns related to the immune system, iron homeostasis, and 
ADME and affirmed that it adequately did so. A summary of their 
feedback and recommendations is captured in Box 4. The proposed 
preclinical studies and clinical study in the roadmap and the safety 
questions they address are shown in Table 1 and are briefly described 
here. Human milk LF and bLF will be used as comparative controls in all 
in vitro studies; however, due to ethical sourcing challenges, the pre
clinical in vivo and clinical studies where hmLF will not be available, 
bLF will be used as the active/comparative control. Bovine lactoferrin 
was selected as a control because of its history of safe use in milk and 
dairy products and it is currently a GRAS substance and approved as a 
novel food in the EU for various intended uses including infant formula 
(EU Commission, 2012b, 2012a; US FDA, 2017, 2014a, 2014b, 2001). 

5.1. Allergenicity risk prediction modeling 

The allergenicity risk assessments selected for the study roadmap are 
similar to those used to evaluate the allergenicity potential of soy 
leghemoglobin expressed by K. phaffii (Jin et al., 2018), as well as other 
proteins notified in the GRAS program. Specifically, these assessments 
aim to provide allergenicity data that such proteins are not novel and 
would, therefore, meet general recognition as food ingredients. Assess
ments include a literature review of peer-reviewed publications to 
identify studies that reported potential allergenicity of the target pro
tein, LF, the host system, K. phaffii, and mannose-containing glycans, 
bioinformatics of rhLF sequence and host protein allergen assessment, 
and an in vitro pepsin digestion study. 

The NCBI PubMed® database is used to search for peer-reviewed 
publications that report the allergenicity potential of LF and recombi
nant proteins from K. phaffii and P. pastoris, using combinations of 
species names “Komagataella phaffii” and “Pichia pastoris” with “clinical 
allergy,” “food allergy,” or “IgE binding.” Both K. phaffii and P. pastoris 
were searched because the naming nomenclatures are found in the 
literature. 

For the bioinformatics sequence allergen assessment, the analyzed 

amino acid sequences of Helaina rhLF protein and K. phaffii residual 
proteins are used to search the NCBI Protein database for full-length 
identical sequences. Retrieved sequence searches are used to query the 
Food Allergy Research and Resource Program (FARRP) AllergyOnline 
database (University of Nebraska, US) to identify allergenic proteins 
with similar sequences to rhLF and K. phaffii. AllergenOnline is a 
searchable, peer-reviewed sequence database updated annually to 
identify proteins that may pose allergenic cross-reactivity risks 
(Goodman et al., 2016). Notably, K. phaffii has been used several times 
in GRAS notices and is an approved food additive in broiler feed. 
Importantly, K. phaffii proteins are present in several of the notified 
substances (US FDA, 2023a, 2023b, 2021a, 2021b, 2018, 2006). 

Because hmLF and bLF are relatively resistant to digestive proteases, 
full-length LF and LF fragments may be detectable in feces (Goldman 
et al., 1990; Hutchens et al., 1991; Kuwata et al., 2001; Spik et al., 1982; 
Takeuchi et al., 2004; Troost et al., 2001, 2002). Consequently, the 
incomplete digestion of LF can affect its tolerability and immunogenicity 
potential. The in vitro digestion study to evaluate the allergenicity po
tential and digestibility of rhLF is a simple pepsin digestion study 
(Ofori-Anti et al., 2008; Thomas et al., 2004) (Supplementary Fig. 1). For 
the simple pepsin digestion study, SDS-PAGE and Western blot analyses 
are used to detect the presence of surviving LF proteins and peptides 
after pepsin digestion. Allergenicity potential is determined by 
comparing the rates of digestion and breakdown of rhLF to those of the 
comparator proteins, hmLF and bLF. 

To further evaluate the digestibility of rhLF, the INFOGEST simu
lated digestion model (Brodkorb et al., 2019) is utilized. The INFOGEST 
simulation digestion model is a static digestion model that mimics the 
sequential process of protein digestion, spanning from the oral phase 
through the intestinal phase in the presence of appropriate digestive 
enzymes. Peptidomic analysis (e.g., liquid chromatography and tandem 
mass spectrometry) and enzyme-linked immunosorbent assays are used 
to compare quantitative and qualitative end products of rhLF digestion 
to those of the comparator proteins, hmLF and bLF. 

5.2. In vivo immunotoxicology/TK modeling 

Two toxicity studies in adult rats are included in the roadmap to 
confirm the general tolerance of orally ingested Helaina rhLF and 
evaluate potential immunotoxicological effects. The first is a 14-day 
dose-range-finding (DRF) toxicity rat study that assesses the effects of 
repeated daily administration of rhLF at varying doses on general health, 
toxicity endpoints (e.g., morbidity, mortality, hematology, immune cell 
phenotyping), and LF detection in serum (Supplementary Fig. 2). Study 
results are intended to inform the second study, the 28-day immuno
toxicity rat study. 

The objective of the 28-day immunotoxicity study (US Food and 
Drug Administration, 2007) is to evaluate the immunotoxicology and 
immunogenicity potential of orally gavaged rhLF and bLF. The outcomes 
include general tolerance, immunotoxicology (e.g., T-cell-dependent 
antibody response, immune cell phenotyping), organ weights, immu
nogenicity (anti-lactoferrin [anti-LF] antibody detection), iron homeo
stasis, histology, and TK endpoints (Supplementary Fig. 2). 

The panel discussed the relevance of LF immunogenicity studies in in 
vitro or animal models. Although LF has been previously shown to 
possess immunogenic potential in these models, relevance to under
standing the immunogenicity of rhLF in humans remains to be seen. The 
expert panelists further acknowledged that the immune safety questions 
should be evaluated in an appropriate 28-day immunotoxicology study; 
however, results are not predictive of the potential for alloimmunization 
in humans. The panel concluded that a clinical study is a more mean
ingful approach to addressing the alloimmunization/immunogenicity 
risk. Panelists also agreed that results from the in vivo adult rat TK study, 
which will provide data on absorption, clearance, and bioavailability to 
be compared with previous published data, along with the in vitro adult 
INFOGEST digestion study would be sufficient to predict rhLF digestion 

Table 1 
Planned preclinical and clinical studies to address immune safety questions of 
alloimmunization/immunogenicity, immunotoxicity, iron homeostasis, and 
ADME of Helaina rhLF expressed in K.phaffii.  

Study Alloimmunization/ 
immunogenicity 

Immunotoxicity Iron 
homeostasis 

ADME 

Allergenicity 
assessment 

✓    

Pepsin 
digestion 

✓    

In vitro adult 
digestion 
(INFOGEST 
Protocol) 

✓   ✓ 

14-d DRF rat 
study  

✓ ✓  

28-d rat study ✓ ✓ ✓ ✓ 
Dendritic cell 

study 
✓    

PBMC pilot 
study 

✓    

Ex vivo PBMC 
T-cell 
analysis 
(Epibase®) 

✓    

Adult clinical 
study 

✓  ✓  

√ = the safety question/s being addressed in each study; FDA = Food and Drug 
Administration; ADME = absorption, distribution, metabolism, and excretion; 
rhLF = recombinant human lactoferrin; FARRP = Food Allergy Research and 
Resource Program (University of Nebraska, US); DRF = dose-range-finding; 
PBMC = peripheral blood mononuclear cell. 
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in adult humans, to corroborate the extensive body of literature on the 
ADME of LF (Vishwanath-Deutsch et al., 2024). Therefore, evaluating 
the ADME of Helaina rhLF in humans is not necessary. 

Because the iron saturation of rhLF derived from K. phaffii is typically 
higher than that of native hmLF, a regulatory expert panelist asked 
whether such differences would pose any safety concerns. The expert 
panel indicated LF will take up any free iron and stated that the 
contribution of iron from a more saturated rhLF is insignificant relative 
to the typical dietary intake of iron and is highly unlikely to pose a safety 
concern. For instance, the typical iron content of Helaina rhLF would 
contribute 3.6% and 1.2% of the Daily Value for 1-3-year-old children 
and everyone >4 years old, respectively, assuming an exposure at the 
90th percentile of the estimated daily intake. Nevertheless, iron pa
rameters will be assessed in all in vivo studies. 

5.3. Human immunogenicity modeling 

5.3.1. Human cell modeling 
In vivo animal models do not necessarily predict alloimmunization/ 

immunogenicity in humans due to species differences. Therefore, in 
vitro immunogenicity assays using human innate and adaptive immune 
cells are recommended to detect cell-mediated responses (US Food and 
Drug Administration, 2021). The steps driving this immunogenic pro
cess are 1) priming innate cells, such as dendritic cells (DC), and 2) 
recruiting T cells to develop a mature immune response, which leads to 
3) antibody production by plasma cells. 

The panel agreed that human cellular assays with antigen-presenting 
cells and peripheral blood mononuclear cells (PBMC) are important to 
assess the immunogenicity potential of rhLF. The methods to evaluate T 
cell-dependent immune responses include PBMC-based assays. These 
immunogenicity assays have advantages over animal models, such as 
using primary cells from various human donors to account for popula
tion diversity and targeting different stages of the T-cell-mediated im
mune response (Bray-French et al., 2021; Nyborg et al., 2016; Siegel 
et al., 2022). All human primary cellular assays will use rhLF, hmLF, and 
bLF at levels of 25–50 μg/mL to follow guidelines suggested from Lon
za’s validated models for immunogenicity testing of immunomodulatory 
proteins. Additionally, each treatment will include viability assays to 
ensure a lack of cytotoxicity at the chosen doses. Furthermore, immune 
stimulation of the cells using positive controls as described below will be 
used to verify assay performance. 

Three human cellular assays are included in the roadmap. The 
objective of the first study is to measure the activation-induced cytokine 
production by plasmacytoid DC (pDC, as a surrogate for intestinal DC) 
and conventional DC (cDC) in response to rhLF, hmLF, and bLF (Perdijk 
et al., 2018; Spadaro et al., 2008). The cytokine endpoints are shown in 
Supplementary Fig. 3. To ensure proper activation of the DC, imiquimod 
and lipopolysaccharide (LPS) will be used as positive controls in the pDC 
and cDC studies, respectively. The results of this study will provide data 
about the potential immunogenicity/alloimmunization of rhLF 
compared to hmLF and bLF. 

The second study is a pilot study that aims to investigate the immune 
stimulation potential of rhLF by exposing PBMC from male and female 
donors to rhLF, hmLF, and bLF (Nyborg et al., 2016) for 7 days followed 
by cytokine analysis to include innate and T-cell type cytokines. Positive 
controls used in this assay will include LPS and KLH to ensure immune 
stimulation of the PBMC. The outcome of this study will provide insights 
into the immunogenicity properties of rhLF and its potential for 
alloimmunization (Supplementary Fig. 4). 

The objective of the third study is to examine the immunogenicity 
risk prediction of rhLF compared to the risk prediction of hmLF and bLF 
(Jawa et al., 2013; Nyborg et al., 2016), as well as known immunogenic 
positive controls (e.g. LPS, KLH) using Lonza’s validated Epibase® 
model (Nyborg et al., 2016). This analysis uses ex vivo PBMC from 30 
healthy donors to ensure the cells contain the most common HLA-DRB1 
alleles in the global population. The HLA-DRB1 alleles are critical for 

immune recognition and stimulation, and different alleles have varying 
levels of sensitivity; by controlling for this to get coverage of the most 
common alleles provides a strong prediction for how the global popu
lation may react. Several endpoints are assessed, including the prolif
eration of various immune cells (e.g. CD4+ T cells) and the production of 
multiple T-cell specific cytokines (Supplementary Fig. 4) after 7 days of 
exposure. 

5.3.2. Clinical studies 
Data on the safety, absorption, and tolerance of ingested rhLF 

derived from transgenic rice or Aspergillus niger var. awamori from 
several clinical studies in patients with acute or chronic conditions (e.g., 
sepsis, cancer) and healthy volunteers has recently been summarized 
(Vishwanath-Deutsch et al., 2024). These studies reported that rhLF was 
well tolerated (Digumarti et al., 2011; Guntupalli et al., 2013; Guttner 
et al., 2003; Hayes et al., 2006, 2010; Jonasch et al., 2008; Laffan et al., 
2011; Laskow et al., 2021; Opekun et al., 1999; Parikh et al., 2011; 
Sherman et al., 2016; Sortino et al., 2019; Troost et al., 2003; Vincent 
et al., 2015; Zavaleta et al., 2007). Notably, one study also reported that 
ingested rhLF derived from transgenic rice did not affect the levels of 
serum proinflammatory cytokines (Sortino et al., 2019), suggesting that 
rhLF does not induce systemic inflammation. However, randomized 
controlled studies are needed to assess the immunogenicity/alloimmu
nization potential of rhLF. 

The proposed GRAS roadmap includes two clinical studies in healthy 
adults. The first is a 12-week randomized, controlled, double-blind, 
parallel-arm study, and the second is an 12-week observational study. 
The first study will comprise a 4-week (Week 4) exposure period fol
lowed by a 4-week (Week 8) washout period and an additional 4-week 
follow up (Week 12) (Supplementary Fig. 5) to evaluate the safety of 
exposure to two different intakes of Helaina rhLF compared to bLF as the 
active control. The expert panel agreed that the study duration is suffi
cient to assess the development of anti-LF antibodies and follows the 
FDA guidance on assessing immunogenicity/alloimmunization, which 
recommends testing approximately 30 days of oral exposure (US Food 
and Drug Administration, 2019). Although this guidance is from the 
Center for Drug Evaluation and Research (CDER) and the Center for 
Biologic Evaluation and Research (CBER), Although, this guidance is 
from CDER/CBER, assessing antibody development against Effera™ as a 
food ingredient follows the same immunological principles for antibody 
development following oral delivery of a pharmaceutical. Helaina rhLF 
will be intended for food applications only, considering it is a dietary 
protein in the context of human milk consumption. This guidance is 
referenced because the Center for Food Safety and Applied Nutrition 
does not have specific guidance on assessing this immunogenici
ty/alloimmunization safety outcome (Center for Food Safety and 
Applied Nutrition, 2017). Another instance where food companies used 
guidance from CBER was noted in both of the submissions for cultured 
animal cells to the Human Foods Program. Both companies relied on 
CBER’s guidance on procedures for use in culturing (animal/human) 
cells (US FDA, 2023, 2022). The primary endpoint is serum anti-LF 
antibodies. Additional endpoints include immune cell proliferation in 
PBMC with and without re-stimulation with LF, and high-sensitivity 
C-reactive protein. Safety and tolerability are assessed by evaluating 
treatment-emergent adverse events and the hematology profile for iron 
homeostasis (e.g., ferritin, soluble transferrin receptor, transferrin 
saturation, serum iron) (Supplementary Fig. 6). 

Data on anti-LF antibody levels in healthy adults has previously been 
published (Nässberger et al., 1994; Okazaki et al., 2000; Tan et al., 
2014). However, because the variability of anti-LF antibodies over time 
in the absence of supplemental rhLF among healthy adults is not well 
characterized, an 12-week observational study is suggested. The time
points to measure serum anti-LF antibodies are at baseline and weeks 4, 
8 and 12 (Supplementary Fig. 7 and Supplementary Fig. 8) to correspond 
with the rhLF exposure study. Results from this study will help to 
interpret the findings of the 4-week exposure randomized controlled 
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trial. 

6. Conclusion 

The proposed studies vetted by an expert panel with relevant 
expertise that will support the GRAS determination of Effera™ are 
presented in Table 1 and answer the safety questions raised by a 2008 
expert panel at the Toxicology Forum. Additionally, the key safety area/ 
s of each pivotal study, the new safety data being added to the public 
literature as a result of the respective study, and corroborative studies in 
context of the existing literature are shown in Table 2.With a GRAS 
study roadmap that directly addresses rhLF-specific safety questions, a 
comprehensive safety narrative for its use in food is achievable. The goal 
of the workshop was to convene a panel made up of relevant leading 
scientists who are experts in their fields of study (Dr. Lukacs – immu
nology and allergy; Drs. Burns Naas and Kaminski – immunotoxicology; 
Drs. DiNovi and Merker – food safety assessment; and Dr. Lönnerdal – LF 
science and nutrition) to build and vet a safety study roadmap that de
tails in a stepwise fashion the types of studies, endpoints, and data 
needed to answer unanswered questions on immune safety and achieve 
reasonable certainty of no harm and general recognition among quali
fied experts (Table 1). While this roadmap is intended to support GRAS 
for Helaina rhLF (Effera™), when viewed broadly, it can be applied to 
assess the safety and support GRAS of other recombinant human milk 
proteins, particularly those that have immunomodulatory functions. 
Although precision fermentation has been used for decades to make 
various food components (e.g., vitamins, enzymes) (Hanlon and Sewalt, 
2021), it is not until recently that precision fermentation has been used 
to make bioactive ingredients (e.g., human milk oligosaccharides). It is a 
burgeoning area of food ingredient innovation that allows bio
engineered production organisms to produce high-value ingredients at a 
commercial scale. Companies may use this roadmap to answer similar 
questions on the safety of any novel protein food ingredient—derived 
from precision fermentation or from it native source— with comparable 
effects on the immune system and intended for adult use. While this 
roadmap may not answer every potential safety concern of rhLF, nor 
does it need to per the GRAS safety standard of reasonable certainty of 
no harm, it does answer the pivotal unanswered safety questions of rhLF 
required to indicate its safe use as a food ingredient. 
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