
Vaccine: X 18 (2024) 100474

Available online 13 March 2024
2590-1362/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Efficient and scalable clarification of Orf virus from HEK suspension for 
vaccine development 

Felix Pagallies a,1, Jennifer J. Labisch b,1, Malgorzata Wronska a,c, Karl Pflanz b, Ralf Amann a,c,* 

a Department of Immunology, University of Tuebingen, Auf der Morgenstelle 15, 72076 Tübingen, Germany 
b Lab Essentials Applications Development, Sartorius, Otto-Brenner-Straße 20, 37079 Göttingen, Germany 
c PRiME Vector Technologies, Herrenberger Straße 24, 72070 Tübingen, Germany   

A R T I C L E  I N F O   

Keywords: 
Harvest 
Clarification 
Parapoxvirus Orf 
Nuclease treatment 
Multi-parallel filtration 
Filter screening 

A B S T R A C T   

The Orf virus (ORFV) is a promising vector platform for the generation of vaccines against infectious diseases and 
cancer, highlighted by its progression to clinical testing phases. One of the critical steps during GMP 
manufacturing is the clarification of crude harvest because of the enveloped nature and large size of ORFV. This 
study presents the first description of ORFV clarification process from a HEK suspension batch process. We 
examined various filter materials, membrane pore sizes, harvest timings, and nuclease treatments. Employing the 
Ambr® crossflow system for high-throughput, small-volume experiments, we identified polypropylene-based 
Sartopure® PP3 filters as ideal. These filters, used in two consecutive stages with reducing pore sizes, signifi-
cantly enhanced ORFV recovery and addressed scalability challenges. Moreover, we demonstrated that the time 
of harvest and the use of a nuclease play a decisive role to increase ORFV yields. With these findings, we were 
able to establish an efficient and scalable clarification process of ORFV derived from a suspension production 
process, essential for advancing ORFV vaccine manufacturing.   

1. Introduction 

The Orf virus, belonging to the genus Parapoxvirus of the Poxviridae 
family, is a viral pathogen that in its wild-type form affects predomi-
nantly sheep and goats known as Orf disease [1,2]. ORFV is an ovoid- 
shaped, enveloped virus with a length of approximately 220–300 nm 
and a width of 140–200 nm [3], characterized by a spirally tubular 
structure on its surface [4]. The viral genome comprises a linear double- 
stranded DNA of approximately 140 kb [5] and representing a potent 
platform for viral vector vaccine development. The ORFV D1701-VrV is 
a highly attenuated, non-pathogenic strain generated by the deletion of 
several ORFV virulence genes [6]. The key advantages of this vector is 
the very restricted host range, absence of systemic spread, the large 
genomic size allowing integration of multiple transgenes, and the 
exclusive cytoplasmatic gene expression [6,7]. Furthermore, it was 
demonstrated that the D1701-VrV strain induces strong transgene- 
specific immune response without triggering anti-vector immunity 
allowing repeated immunizations resulting in fast and strong adaptive 
immune responses [8]. 

The ORFV D1701-VrV recombinants have already been shown to 

mediate immunity against different viral infections like dengue virus 
[9], influenza A virus [10], rabies virus [6], pseudorabies virus [11–13], 
classical swine fever [14], rabbit hemorrhagic disease virus [15], and 
borna disease virus [16]. ORFV has also been used for oncolytic therapy 
[17] and as a therapeutic vaccine for virus-induced tumors [18]. More 
recently, the ORFV vector platform was used to develop a Sars-Cov-2 
vaccine candidate, which is currently undergoing Phase I clinical trials 
[19]. 

With the growing number of ORFV technologies and applications 
with potential therapeutic or vaccine candidates entering clinical pha-
ses, the demand for scalable production and downstream processing 
(DSP) methods for ORFV is increasing. However, the available literature 
on suitable upstream and downstream processing methods for ORFV 
remains sparse. 

The production of ORFV D1701-VrV was initially based on adherent 
Vero cell culture [20]. The harvest protocols include centrifugation 
steps, cell lysis by several freeze–thaw cycles and sonication, followed 
by depth filtration. The purification was traditionally performed by ul-
tracentrifugation and polyethylene glycol (PEG) precipitation [21]. 
Although effective in a small scale, these purification methods lack 
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scalability. Efforts to overcome this limitation focused on identifying 
suitable clarification and chromatography methods [22–24]. However, 
these process optimizations were still based on the adherent Vero cell 
production process. To enable industrial-scale production of ORFV, we 
replaced the adherent Vero cell process by a HEK suspension process. 
This transition, however, introduced complications, particularly in the 
clarification step. These challenges were anticipated, as the clarification 
strategy depends on the upstream process, such as expression system, 
cell density and viability, and media composition. These factors deter-
mine the type and amount of impurity load. Moreover, the large 
macromolecular size and complex structure of the target virus pose 
challenges for the clarification. Despite its critical importance in influ-
encing the efficiency of subsequent DSP steps, clarification has often 
been overlooked during process development, with a notable lack of 
detailed studies in the literature. Clarification typically involves a series 
of operations, namely primary and secondary clarification, aiming to 
remove cells, cell debris and large aggregates [25]. Given the large size 
of enveloped vectors, the final pore size in the secondary clarification 
step often uses membranes with pore sizes usually not smaller than 0.45 
or 0.65 µm [26,27]. 

Recognizing the gap in detailed investigations into effective clarifi-
cation methods for ORFV or analogous vectors, our goal was to devise a 
scalable clarification strategy that maximizes yield for ORFV generated 
in HEK cells grown in suspension. Due to the lack of comprehensive 
large screening studies of suitable clarification approaches for ORFV or 
analogous vectors, tour goal was to develop a scalable clarification 
strategy that maximizes yield for ORFV produced in suspension HEK 
cells and to improve subsequent DSP steps. This study marks the first 
detailed examination of the clarification process of ORFV produced by a 
HEK suspension batch process. We investigated various factors including 
different filter materials, membrane pore sizes, harvest times, and 
nuclease treatments, aiming to fine-tune these parameters for optimal 
results. Our findings have led to the establishment of an efficient and 
scalable clarification process for ORFV derived from a suspension pro-
duction process, paving the way for improved DSP efficiency and clinical 
application. 

2. Materials and methods 

2.1. ORFV vector production 

The ORFV strain D1701-V-GFP encoding the green fluorescent pro-
tein (GFP) in the vegf insertion locus [7] was produced by HEK293F 
viral production cells (Thermo Fisher Scientific, A35347) in a 10 L 
UniVessel® bioreactor (Sartorius). with the bioprocess was monitored 
and controlled using a BIOSTAT®-B DCU (Sartorius). The bioreactor was 
inoculated with 500–1000 mL of cell solution achieving an initial cell 
density of 7.5E+05 cells•mL− 1. After 24 h, when cell density reached 
1.5E+06 cells•mL− 1, the cells were infected with a multiplicity of 
infection of 0.1 by adding the vector in 50 mL of medium to produce 
ORFV. Additionally, GlutaMAX (Thermo Fisher Scientific) was added to 
a final concentration of 2 mM. 

2.2. Harvest and clarification 

The ORFV cell culture broth (crude harvest) was harvested 72 h post- 
infection, undergoing a freeze–thaw cycle before filtration. Initial 
screening tested various filters (Cytiva, Merck, Meissner, 3M and 
Sartorius) for efficacy. The clarification was performed with the Pen-
doTECH Filter Screening System (PendoTECH) using following param-
eters: flow rate 3.2 mL•min− 1, maximum pressure 1000 mbar, 
equilibration of filter with 100 mL of PBS buffer pH 7.2 (Thermo Fisher 
Scientific). Filtrations were performed until a pressure of max. 0.8 bar 
was reached for single filtrations and max. 1 bar for filter trains. In case 
of an early occurrence of visual turbidity breakthrough or if no pressure 
increase occurred, filtrations were stopped earlier. 

After the initial filter screening, the most suitable membrane mate-
rial (PP3) was further evaluated using the Ambr® crossflow system 
(Sartorius) in combination with the Sartocon® Slice 50 adapter (Sarto-
rius) enabling parallelized dead-end filtrations. A scheme of the filtra-
tion setup is shown in Fig. 1. 

For the clarification optimization experiment, a 6 L ORFV batch was 
produced and2 L of crude harvest was collected 40, 70, and 90 h (±4h 
for each) post-infection to determine the ideal time of harvest (TOH). 
Subsequently, crude harvest was aliquoted in 0.5–1 L flasks and 60 
U•mL− 1 of the nucleases M-SAN HQ or Denarase® were added together 
with magnesium chloride in a final concentration of 10 mM for M-SAN 
HQ and 2 mM for Denarase®, and incubated for 4 h at 160 rpm in a 
MaxQ™ 6000 shaking incubator (Thermo Fisher Scientific) at 37 ◦C. A 
non-nuclease-treated fraction served as a control. SartoScale 25 filters 
containing the Sartopure® PP3 membrane were used for primary (pore 
size of 20, 8, or 5 µm) and secondary filtration (pore size of 1.2, or 0.65 
µm). The filters were equilibrated with 10 mL of LV-MAX mixed with 
PBS in a 1:1 ratio at a flow rate of 3 mL•min− 1. A flow rate of 2 
mL•min− 1 was applied for the filtration of the crude harvest material. 
The maximum pressure was set to 1 bar and a maximum of 100 mL was 
filtered. 

2.3. Design of experiment for nuclease treatment optimization 

A design of experiment (DoE) approach was utilized to optimize 
nuclease digestion focusing on five variables: i. incubation time (0.5–6 
h), ii. Temperature (4, 23, 37 ◦C), iii. Nuclease (Denarase® (c-LEcta), M- 
SAN HQ, and SAN HQ (both ArcticZymes)), iv. Concentration of the 
nuclease (from 2 to 100 U•mL− 1), and v. sodium chloride (NaCl) con-
centration (180–480 mM). Magnesium chloride was added to achieve 
final concentrations of 2 mM for Denarase®, or 10 mM for M-SAN HQ, 
and SAN HQ, respectively. The experiments were planned as a D-optimal 
design (interaction model) and evaluated using the software MODDE® 
13 (Sartorius) with a center point of triplicates for each nuclease at a 
certain condition (50 U•mL− 1 nuclease, 3.5 h, 23 ◦C, 150 mM NaCl), as 
well as four other conditions which were run in duplicates, resulting in a 
total of 44 experiments This design was applied twice using different 
ORFV material forms: crude harvest and clarified supernatant obtained 
by centrifugation at 4,000× g for 15 min. Details on the experimental 
setup are included in Table S1. 

2.4. Analytics 

2.4.1. Determination of infectious ORFV titer 
The infective ORFV titer was determined by quantifying GFP 

expressing Vero cells using flow cytometry. Each well of a 96-well plate 
was seeded with 40,000 Vero cells in 200 µL of DMEM supplemented 
with 5 % FCS. ORFV samples, diluted in a 1:4 series from 0 to 1024, were 
added to the cells, which were then incubated for 20 ± 2 h post- 
infection. Following incubation, cells were washed with PBS, detached 
with Trypsin/EDTA, and neutralized with DMEM plus 5 % FCS. After 
centrifugation, the cell pellet was resuspended in PFEA buffer, with an 
optional fixation step using 1 % formaldehyde in PFEA (PBS, 2 % v/v 
FCS, 2 mM EDTA, 0.02 % v/v sodium azide). A final wash preceded flow 
cytometric analysis (AttuneNxT). The infective titer, expressed in in-
fectious units per milliliter (IU•mL− 1), was calculated from the per-
centage of GFP-positive cells, using a standard curve derived from a 
known ORFV standard. 

2.4.2. Total dsDNA quantification 
The concentration of total dsDNA was determined using the Quant- 

iT™ Pico-Green™ dsDNA assay (Thermo Fisher Scientific) according to 
the manufacturer’s instructions. Standards and samples were assessed in 
duplicates in black 96-well microtiter plates (Nunc, Thermo Fisher Sci-
entific). The samples were excited at 480 nm, and the fluorescence 
emission intensity was measured at 520 nm using an Infinite 200 PRO® 
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microplate reader (Tecan). The standard curve was fitted by linear 
regression. 

2.4.3. Turbidity measurement 
Turbidity levels before and after clarification were assessed by 

measuring the OD400 nm of 200 µL samples. These measurements were 
conducted using a clear 96-well microtiter plate and an Infinite 200 
PRO® (Tecan) plate reader. Measurement was performed immediately 
after pipetting samples into the plate. 

3. Results 

3.1. Evaluation of different filter types 

We evaluated various filter types and filter combinations, including 
depth and membrane filters from several manufacturers, for their effi-
ciency in clarify ORFV from crude harvest that underwent a freeze–thaw 
cycle. The crude harvest had a cell density of 3-4E+06 cells•mL− 1, a cell 
viability of <10 %, and an ORFV titer of 1.88E+07 IU•mL− 1. Table 1 
summarizes the performance of these filters. The depth filter trains 
(Seitz® filters) yielded a low ORFV recovery rate of 20–30 %, while over 
80 % of the DNA amount could be removed. The Profile® Star filters 
achieved higher ORFV recoveries of 64–102 % while removing lower 
DNA amounts of 25–44 %. 

To further investigate whether diatomaceous earth (DE) in depth 
filters affects ORFV adsorption, we analyzed virus titers across 10 filtrate 
fractions totaling 100 mL, using Seitz® V100P filter (without DE) and 
Seitz® K100P (containing DE). Interestingly, initial filtration fractions 
showed a decrease in ORFV titer, more so with the K100P filter, where 
the virus became detectable only after filtering 40 mL (Fig. S1). With 
increasing filtration volume, the ORFV recovery rate increased, thus 
indicating a saturation effect of the unspecific binding or adsorption 
effect. 

Given their superior performance in enhancing ORFV yield, poly-
propylene filters were selected for was further evaluation using a new, 
unfrozen ORFV batch. This batch presented a cell density of 1.72E+06 

cells•mL− 1, a cell viability of 35 %, and an ORFV titer of 6.47E+07 
IU•mL− 1 for the crude harvest and 3.17E+07 IU•mL− 1 for the super-
natant. Profile® Star and HDC® II filter trains were tested and based on 
the filter capacity and extrapolation, the required amount of filter cap-
sules for scaling up to a 200 L industrial production was calculated 
(Table 2). 

Profile Star® 10 µm reached a pressure of 1 bar after processing 77 
L•m− 2. During the second filtration step with a 1.5 µm filter, no pressure 
increase was observed, and the filtration was stopped after 77 L•m− 2 at 
0.07 bar. This corresponds to a required membrane area of 3.6 m2 for 
the first filtration step which is equivalent to 10 × 30″ Kleenpak™ Nova 
capsules, 6 × 30″ Kleenpak™ Nova capsules for the second filtration 
step. The 20 µm HDC® II filter showed a slow gradual pressure rise 
teaching 0.2 bar after 128 L•m− 2. The second filtration step with the 10 
µm HDC® II showed a similar pattern reaching 0.14 bar after 125 
L•m− 2. The final filtration step with 2.5 µm showed a sharp pressure 
rise, indicating a filter capacity of 8 L•m− 2. The required membrane area 
of this last filtration step of 21 m2 would correspond to 8x 30″ Kleen-
pak™ Nova capsules. ORFV yield was about 75 % with the Profile® Star 
filter train and about 61 % with the HDC® II filter train (20 and 10 µm), 
while nearly all ORFV was lost with the final 2.5 µm filter. 

Given the insufficient filter capacity for scaling up to 200 L, alter-
native polypropylene filters were considered to enhance both ORFV 
yield and DNA removal efficiency. Thus, four other filter combinations 
for primary and secondary clarification were evaluated from different 
manufacturers, which are listed in Table 3. 

The Zeta Plus™ and the Sartoclear® DL90 resulted in ORFV recovery 
less than 10 % after primary clarification, and thus not suited for ORF 
clarification. The 5 µm ALpHA® filter achieved an infectious ORFV re-
covery of 97 % after primary clarification but encountered immediate 
blocking during secondary clarification with the 0.6 µm filter, leading to 
total ORFV loss. The Millistak+® μPod® filter, with a pore size range of 
0.6–0.9 µm, achieved 41 % recovery after primary clarification. How-
ever, recovery rates dropped to 2 % or less during secondary clarifica-
tion for all tested filters. This suggests that while the Millistak+® μPod® 
may suffice for single step filtration, it fails to reach the target recovery 

Fig. 1. Flow path scheme of the Ambr® crossflow with the Sartocon® Slice 50 adapter. The flow path used is highlighted in green. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 
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goal of >80 %. 

3.2. Nuclease treatment optimization 

Our initial findings indicated a trade-off between ORFV recovery and 
DNA removal: filters with better ORFV recovery were less efficient in 
DNA clearance, suggesting a competition between virus retention and 
DNA elimination. Consequently, refining DNA digestion before filtration 

appears essential for improving the purification process. 
To address this, we adopted a DoE approach for nuclease digestion 

optimization. An ORFV batch produced in a Biostat-B DCU 5L Uni-
vessel®. The crude harvest had a cell density of about 5.09E+06 
cells•mL− 1 And underwent one freeze–thaw cycle. The nuclease treat-
ment optimization was performed on both, the crude harvest and the 
supernatant obtained by centrifugation, with pH levels maintained be-
tween 7.8 and 8.2. 

The analysis clarified that the total DNA content in the crude harvest, 
encompassing both supernatant and cell-associated DNA. Consequently, 
DNA concentrations in the supernatant are typically lower. Across all 
nucleases tested, weather applied to crude harvest or supernatant sam-
ple, DNA concentration decreases with increasing nuclease concentra-
tion up to an optimal range of approximately 60–80 U•mL− 1 (Fig. S2). 

Fig. 2 presents a 4D contour plot illustrating comparable outcomes 
for both, the crude harvest and supernatant. Among the three nucleases 
tested under different conditions for the crude harvest, M-SAN HQ 
resulted in the lowest DNA concentrations and performed best, followed 
by the SAN HQ. Denarase® results in the highest DNA concentration for 
both, crude harvest, and supernatant. The addition of salt did not 
contribute to reducing DNA concentration (data not shown), leading to 
the exclusion of this factor in the DoE analysis. Higher incubation 
temperatures and extended incubation times resulted in lower DNA 
concentrations. Although nuclease treatment sometimes increased the 
ORFV titer of the crude harvest, these changes fell within the error 
margin of the titer quantification assay. ORFV titers in the supernatant 
were unaffected across all tested nucleases or parameters (data not 
shown). 

In selecting the optimal conditions for DNA digestion, our goal was to 
minimize both time and nuclease concentration to reduce process time 
and costs. The nuclease M-SAN HQ emerged superior for further treat-
ment before clarification with 60–75 U•mL− 1, at 37 ◦C for 4 h reducing 
DNA concentration to <500 ng•mL− 1. 

3.3. Filter screening with nuclease treatment 

For comprehensive filter screening, two 6 L ORFV batches were 
produced, examining three different harvesting times to test all filters. 
Fig. 3 shows the cell concentration, viability, infection rate and ORFV 
titer over the cultivation period. Cell count peaked at 2.3–3.3E+06 
cells•mL− 1 around 65 h post-infection without increase further. 
Viability started to decline slowly post-infection and dropped rapidly 
after 40 h. The highest infection rates were observed after 21–43 h with 
75–90 % and decreased thereafter due to diminishing cell viability and 
the corresponding decrease in the GFP signal from infected cells. ORFV 
titer increased until approximately 40 h after infection and did not in-
crease further thereafter. Harvests were done at 40, 70, and 90 h (±4h 
for each) post-infection (TOH (time of harvest) 1, 2, or 3) and subjected 
to filtration with or without nuclease digestion using M-SAN HQ (Fig. 4) 
or Denarase® (Fig. S3). 

Without nuclease digestion, ORFV yields ranged from 17 to 37 % for 
TOH 1 and increased at subsequent TOH 2 and TOH 3 as indicated by 
higher titers (Fig. 4A, Fig. S4A). C Yields generally improved with 
nuclease treatment. M-SAN HQ significantly increased the yield of TOH 
1 to 48 %–81 %. The highest yields were achieved at TOH 2, followed by 
TOH 3. Interestingly, a final membrane pore size of 0.65 µm resulted in 
higher ORFV recovery than a 1.2 µm pore size (Figs. 4B and S4B). Uti-
lizing broader primary filters (20 or 8 µm) resulted in a higher ORFV 
recovery compared with the 5 µm filter, likely due to their ability to 
allow more ORFV particles, potentially in aggregates or attached to cell 
fragments, to pass through the filters. 

Fig. 4C and 4D display the turbidity results from the clarification 
screening, highlighting its importance as an indicator of contaminant 
removal efficiency in filtration processes. As expected, the largest 
membrane pore size of 20 µm resulted in the highest turbidity after 
filtration, as large contaminants were still able to pass the membrane. 

Table 1 
Tested filters of initial filter screening with respective ORFV yield. Abbrevia-
tions: polypropylene - PP, polyether sulfone - PES, polyvinylidene fluoride - 
PVDF, diatomaceous earth - DE.  

Filter 
combinations 

Filter 
material 

Pore 
size 
(µm) 

Effective 
filter areas 
(cm2) 

ORFV 
yield 
(%) 

DNA 
removal 
(%) 

Seitz® P900; 
V100P; 
Bio20 

P900: 
cellulose, 
perlite, 
DE, resin; 
V100P: 
cellulose, 
perlite, 
resin; 
Bio20: 
cellulose, 
resin 

8–20; 
2–4; 
0.4–0.8 

22 each  31.45  85.73 

Seitz® PDP8; 
V100P; 
Bio20 

PDP8: 
cellulose, 
perlite, 
DE, resin; 
V100P: 
cellulose, 
perlite, 
resin; 
Bio20: 
cellulose, 
resin 

6–30; 
2–4; 
0.4–0.8 

22 each  31.22  83.48 

Seitz® PDK7; 
V100; 
Bio20 

PDK7: 
cellulose, 
perlite, 
DE, resin; 
V100P: 
cellulose, 
perlite, 
resin; 
Bio20: 
cellulose, 
resin 

4–20; 
2–4; 
0.4–0.8 

22 each  19.56  95.28 

Profile® Star PP 20 90  87.37   24.81 

Profile® Star; 
Fluorodyne® 
II DBL 

PP; PVDF 20; 3; 
0.45 

90; 
13  

64.23   44.29 

Profile® Star; 
HDC® II 

PP 20; 3; 
0.6 

90; 
13  

102.38  44.42  

Table 2 
Tested filters for ORFV clarification with respective ORFV yield and dimen-
sioning of required filter capsules for a 200 L industrial batch at max. 0.8 bar and 
25 % safety in 2–4 h. Abbreviations: polypropylene - PP.  

Filter 
combinations 

Filter 
material 

Pore 
size 
(µm) 

Effective 
filter areas 
(cm2) 

ORFV 
yield 
(%) 

Required 
material for 
200 L batch 
(m2) 

Profile® Star PP 10; 
1.5 

90 each  74.71 3.6; 
2.16 

HDC® II PP 20; 
10; 

13 each  61.04 1.5;1.5 

HDC® II PP 20; 
10; 
2.5 

13 each  0.28 1.5;1.5; 
21.1  

F. Pagallies et al.                                                                                                                                                                                                                                



Vaccine: X 18 (2024) 100474

5

The 8 and 5 µm filtrations had a lower turbidity level. Implementing a 
secondary filtration step with finer membranes further reduced turbidity 
by capturing smaller contaminants. The turbidity was in general a little 
bit lower with prior nuclease treatment, which was more pronounced for 
the TOH 1 and 2. The turbidity of the filtered material increased for later 
TOH, correlating with an increase in the turbidity of the cell culture 
broth prior to filtration. 

Fig. 4E shows that using a dual filter system, without prior nuclease 
treatment, reduces the dsDNA concentration in the filtrate to below 
2000 ng•mL− 1. Conversely, a single, larger pore filter resulted in higher 
final dsDNA concentrations of up to 6000 ng•mL− 1. Treating the harvest 
with M-SAN HQ before a two-stage filtration process achieves dsDNA 
concentrations below 1000 ng•mL− 1. The lowest dsDNA concentrations, 
16 ng•mL− 1 at TOH 3, was obtained using a combination of M-SAN HQ 
and the 5 + 1.2 µm filter. In general, a consistent trend of decreasing 
DNA concentration in the filtrate with decreasing membrane pore size 
was observed. 

The filter capacities of the Sartopure® PP3 filters were determined 
based on the maximum pressure reached. If the intended maximum 
pressure of 1 bar was not reached due to limited feed material, filtration 
was stopped prematurely, and the pressure at cessation was recorded to 
estimate the filters minimum operational capacity (Table 4). 

Filtrations involving a single step frequently hit this maximum 
pressure, particularly as pore size diminished, leading to increased 
likelihood of membrane clogging and reduced filter capacity. This trend 
was consistent across all TOH, with capacities for 8 and 5 µm filters 
accurately determined. Filter capacity tended to decline for later TOH, 
attributed to reduced cell viability, resulting in more cell debris and 
contaminants. A difference in filter capacity between untreated feed 
material and feed material treated with M-SAN HQ was not apparent. 

During secondary clarification, pressure increased more slowly, 
often not reaching the maximum pressure required to calculate the ca-
pacity. This limitation, caused by restricted feed material volume, meant 
not every filter combination were tested to 1 bar, thus the indicated 
capacity represents the minimum values and the maximum capacity for 
these filtrations is only a rough estimate. However, it is evident that 
primary filtration effectively removed larger impurities thereby 
reducing the load on secondary filter and enhancing their capacity. 

4. Discussion 

4.1. Evaluation of different filter types 

ORFV has emerged as a compelling candidate for vaccine develop-
ment against infectious diseases and cancers, reaching clinical trial 
stages where efficient and cost-effective Good Manufacturing Practice 
(GMP) production at large-scale is paramount. One of the critical steps 

during GMP manufacturing is the clarification of crude harvest because 
of the enveloped nature and large size of ORFV. The process of virus 
recovery and purification from production cell lines involves critical 
steps that impact the overall yield and quality of the viral vectors. The 
enveloped nature of ORFV adds complexity to its recovery from host 
cells. Unlike retroviral vectors that bud from the host cell membrane 
acquiring their envelope [28], poxviruses like ORFV are predominantly 
intracellular, with a fraction becoming enveloped through more com-
plex cellular pathways, involving the endoplasmic reticulum and the 
trans-Golgi network [29,30]. This biological nuance necessitates 
methods like freeze–thaw cycles to disrupt cells and release the intra-
cellular virions, a method that, while effective in laboratory scales, poses 
scalability and practicality issues for large-scale vaccine production. 

The initial filter material screening revealed promising DNA removal 
with Seitz® depth filters, but ORFV recovery was low, possibly due to DE 
adsorption until saturation. The effect of adsorption of viral vectors to 
DE, was previously discussed for lentiviral vectors and adeno-associated 
vectors [31,32]. As these depth filters were initially developed for 
monoclonal antibody clarification of high cell density CHO processes 
[33], the DE amount is likely too high for our application. Also, other 
depth filters without DE adsorbed ORFV particles, as their concentra-
tions slowly increased with increasing filtration volume. 

Through the screening of different filter materials, we identified 
polypropylene-based filters as the optimal choice for ORFV clarification, 
achieving significant vector recovery alongside effective removal of cells 
and cell debris. Polypropylene is an inert material [25] and was reported 
by Gränicher et al. as effective for clarifying a Modified Vaccinia Ankara 
virus (MVA) produced in a suspension cell line. Similar to ORFV, MVA is 
a large-sized member of the Poxvirus family that strictly replicates 
within the cytoplasm. In their study, a Sartopure® PP3 0.45 µm filter 
achieved 60 % and 80 % recovery rates for batch and perfusion pro-
cesses, respectively [27]. We further evaluated the polypropylene-based 
Profile® Star and HDC® II filter trains for potential scale-up to 200 L 
which would resulting in approx. 2 million doses. However, our analysis 
of filter capacity and subsequent extrapolation revealed that achieving 
the desired scale with these specific filters can technically very chal-
lenging and would not be straightforward. 

A subsequent screening of filters from different materials and man-
ufacturers (referenced in Table 3) confirmed that polypropylene is a 
promising filter material in delivering high ORFV recovery during pri-
mary clarification. However, challenges in secondary clarification were 
highlighted by significant filter capacity limitations, rendering the 
filtration process impractical for large-scale processes. This screening 
revealed that cellulose filters and those containing filter aids were not 
suited for ORFV clarification due to poor recoveries. Despite these 
challenges, polypropylene filters in general appeared promising, sug-
gesting that with enhancements in capacity, they could become the 

Table 3 
Other filters tested for ORFV clarification. The clarified material of the primary clarification was pooled and then used for the secondary clarification.   

Filter Manufacturer Filter material Pore size (µm) Effective filter areas (cm2) ORFV yield (%) 

Primary clarification Millistak+® μPod® 
D0HC 

Merck Cellulose, inorganic filter aid 0.6–0.9 23 41 

ALpHA® MF-grade 
50 mm capsule 

Meissner Polypropylene 5 19.6 97 

Zeta Plus™ BC 
series 

3M Cellulose 0.55–5 25 7 

Sartoclear® DL90 
depth filter 

Sartorius Cellulose, inorganic filter aid 2–20 25 4 

Secondary clarification Millistak+® μPod® 
B1HC 

Merck Cellulose, inorganic filter aid 0.01–0.7 23 1 

ALpHA® MF-grade 
50 mm capsule 

Meissner Polypropylene 0.6 19.6 0 

Zeta Plus™ BC 
series 

3M Cellulose 0.2–3 25 2 

Sartoclear® DL20 
depth filter 

Sartorius Cellulose, inorganic filter aid 0.8- 
0.4 

25 0  
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preferred filter material of choice for further experiments. 

4.2. Nuclease treatment optimization 

Nucleic acid impurities derive mainly from host cell DNA). Accord-
ing to European Pharmacopeia [34]approved vector-based vaccines 
should reduce the size and concentration of residual host-cell DNA 
(hcDNA) to a length of <200 base pairs and <10 ng per dose [35,36] to 
minimize potential risks such as oncogenic events, autoimmune re-
actions or transmission of latent viruses and other agents [37–39]. 

Implementing a nuclease digestion step at different stages of the DSP, 
effectively addresses this requirement. For viral vector processes this is 
typically implemented before harvest and clarification. The pre- 
clarification nuclease treatment allows an incubation at 37 ◦C which is 
an ideal temperature for common nucleases resulting in more effective 
DNA digestion. This reduces the viscosity of the cell culture broth and 
facilitates the filtration [40], which was also shown in our DoE. Our 
findings indicate that a nuclease concentration range of 60–80 U•mL− 1 

is optimal, with higher concentration not further reducing DNA levels. 
Given the cost implications of nuclease use ant its role as a process- 

Fig. 2. 4D contour plot of the DNA concentrations in ng•mL− 1 after nuclease digestion. Treated material was (A) crude harvest and (B) supernatant with M-SAN HQ 
(first column), SAN HQ (second column), and Denarase® (third column) in dependence of the factors incubation time in h (x-axis), nuclease concentration in U•mL− 1 

(y-axis) and incubation temperature (first row 4 ◦C, second row, 23 ◦C, third row 37 ◦C). 
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related impurity to be removed during the subsequent DSP steps [41], it 
is prudent to use the lowest effective concentration and shortest feasible 
incubation time. Although literature reports various conditions for 
nuclease treatment, including the use of Benzonase and Denerase® in 
different concentration ranges, temperatures, and incubation times, 
there is no universally accepted standard, underscoring the need for 
processes-specific optimization. Interestingly, nuclease addition did not 
negatively impact ORFV titers. 

4.3. Filter screening with nuclease treatment 

To achieve a comprehensive understanding of optimal conditions for 
ORFV recovery, it was crucial to conduct a thorough analysis of various 
critical factors, including bioreactor performance, ORFV yield, turbidity 
levels, DNA concentration, and filter capacity. Utilizing the automated 
high-throughput Ambr® Crossflow system, enabled the rapid comple-
tion of 168 filtration experiments, significantly accelerating the process. 
The collated data, depicted in Fig. 5, offers a concise overview of how 
different harvest times and nuclease treatments impact these parame-
ters, guiding the selection of the most effective harvesting and filtration 
strategies. 

An analysis of the bioreactor data preliminarily suggested the ad-
vantages of an earlier TOH due to lower levels of impurities. This 
observation was corroborated by turbidity measurements which 
demonstrated more substantial reductions in turbidity when nuclease 
treatment where applied, particularly for TOH 2 and 3. However, 
nuclease treatment initially increased turbidity, likely due to 

fragmentation of large nucleic acid aggregates into finer particle, 
enhancing the filterability of the broth by reducing its viscosity [42]. 
Despite similar turbidity reductions for TOH 2 and 3, the final turbidity 
was noticeably higher for TOH 3, attributed to its elevated starting 
levels. Consequently, opting for an earlier harvest not only mitigates 
DSP strain but also balances between maximizing ORFV yield and 
managing impurity levels, positioning TOH 2 as a good compromise. 
Achieving adequate turbidity reduction necessitates a dual-stage filtra-
tion process, potentially further optimized by selecting lower final pore 
sizes for the final filter stage. However, given ORFV́s considerable par-
ticle size, excessively small pore sizes could hinder virus recovery, 
emphasizing the need for a balanced approach that carefully considers 
the interplay between turbidity reduction and yield optimization. 

Optimizing the TOH was crucial for enhancing ORFV recovery. Later 
TOH proved advantageous to achieve higher ORFV titers (Fig. S4) and, 
consequently, the yield in the filtrate. However, transitioning from TOH 
2 to TOH 3 did not yield further enhancements, which is consistent with 
the bioreactor data showing ORFV titers plateau after a certain growth 
phase. This plateau likely occurs as cell viability decreased over time, 
leaving a substantial portion of ORFV particles intracellular and unre-
leased from the host cell to form extracellular virions. The cell death 
process likely makes these intracellular ORFVs accessible, similar to the 
release mechanism triggered by freeze–thaw cycles, representing a 
method of cell lysis which is not suited for large scale production. This 
underlines the potential of exploring alternative lysis methods or timing 
the harvest to coincide with natural decreases in cell viability to opti-
mize yield without compromising filter capacity. Furthermore, selecting 

Fig. 3. Upstream data of ORFV production batches. (A) Cell concentration, (B) viability, (C) infection rate (cherry-positive cells), and (D) ORFV titer for the two 6 L 
bioreactor runs. Time of infection = 0 h. Harvest was performed at three different times: 40, 70, and 90 h (±4h for each) post-infection for runs 1 and 2, respectively. 
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Fig. 4. Filter screening at different times of harvest. ORFV yield, turbidity at OD400, and dsDNA concentration after clarification with Sartopure® PP3 membranes of 
different pore sizes (A, C, E) without nuclease treatment (negative control) or (B, D, F) with M-SAN HQ treatment. The filtration was performed after three different 
times of harvest (TOH), which were 40, 70, and 90 h (±4h for each) post-infection. 
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larger membrane pore size for primary clarification was found to in-
crease ORFV recovery, suggesting that it allows for the passage of ORFV 
particles, that are in aggregates or associated to cell debris. Remarkably, 
secondary filtration with a smaller pore size (0.65 µm) often led to 
higher ORFV recoveries, however, these differences were rather small 
and the limited number of replicates does not allow definitive conclu-
sions. Nuclease treatment notably enhanced the recovery of ORFV par-
ticles in the filtrate. We hypothesize that ORFV particles may bind to cell 
fragments and DNA, potentially forming large aggregates that are too 
big to pass through the filter. The fragmentation of DNA by the nuclease 
activity, likely disperses these aggregates allowing more ORFV particles 
to be separated and subsequently pass through the filter and be recov-
ered in the filtrate. Thus, the nuclease treatment not only reduces DNA 
concentration but also significantly improves the efficiency of ORFV 
recovery. 

Regarding DNA concentration in the filtrate, employing filters with a 
smaller membrane pore size proved to be more effective in retaining 
DNA fragments. As expected, the nuclease treatment significantly low-
ered the DNA concentration in the filtrate, optimizing the purification 
process. Interestingly, later harvesting times resulted in reduced DNA 
concentration, a finding that might seem counterintuitive at first glance 
given the anticipation of increased host cell DNA in the supernatant as 
cell viability declines. This phenomenon could be attributed to the 

formation of larger DNA aggregates at elevated DNA concentrations, 
which are more efficiently retained by the filter membrane. This 
observation was, however, not uniformly evident across all controls, 
suggesting a nuanced interplay between DNA concentration, aggregate 
formation, and filtration efficacy. 

The filter capacity could be determined accurately for primary 
clarification, whereas or secondary filtration only minimum values were 
obtained, due to shortage of primary filtrate preventing the filters from 
reaching 1 bar. Nevertheless, these assessments indicate that a scale-up 
to a 200 L batch using Sartopure® PP3 filters is feasible, requiring fewer 
30′’ filter capsules than the initial estimates with Cytiva filters sug-
gested. Given that filter capacity diminishes with later TOH, opting for 
an earlier harvest could lead to the use of fewer filter capsules, opti-
mizing both cost and efficiency. 

In our study, TOH 2 was identified as an optimal compromise for 
maximizing ORFV yield and filter capacity, while minimizing turbidity 
and DNA concentration. A combination of 5 or 8 µm for primary and 1.2 
or 0.65 µm for secondary filtration stages deemed effective. Addition-
ally, the use of M-SAN HQ significantly improved both, ORFV recovery 
and DNA clearance. To address the functionality and quality of the viral 
product, we employed FACS titer measurements to quantify virus yield. 
This method not only provides us with a quantitative assessment of the 
viral particles but also offers indirect insights into the quality and 

Table 4 
Filter capacities and maximum pressure reached for the filtrations using the Sartopure® PP3 filters. Filtration was targeted to be performed until approximately 1 bar, 
for filtrations with maximum pressure indicated below 1 bar filtration was stopped earlier due to limited available cell culture material. The values were rounded to 
whole numbers.   

Membrane pore size 
(µm) 

TOH 1 TOH 2 TOH 3 

Capacity 
(L•m− 2) 

Max. pressure 
(bar) 

Capacity 
(L•m− 2) 

Max. pressure 
(mbar) 

Capacity 
(L•m− 2) 

Max. pressure 
(mbar) 

Negative 
control 

20 >181 670 174 ± 1 1200 >81 ± 14 560 
20 + 1.2 101.5 945 >108 710 79 1300 
20 + 0.65 >110 555 >107 400 >115 433 
8 112 ± 3 1025 ± 7 98 ± 2 1050 ± 70 79 1175 ± 35 
8 + 1.2 >113 358 >111 340 >98 322 
8 + 0.65 >112 281 >108 430 >95 33 
5 76 ± 2 1273 ± 310 56 ± 15 1088 ± 85 41 ± 5 1118 ± 126 
5 + 1.2 >112 270 >91 500 >111 260 
5 + 0.65 >114 380 >94 300 >96 35 

M-SAN HQ 20 >174 ± 3 65 ± 7 142 ± 5 1000 106 ± 1 1260 
20 + 1.2 84 1020 >104 850 >115 750 
20 + 0.65 87 1050 80 1300 121 950 
8 124 1106 ± 8 106 990 ± 14 65 ± 1 1175 ± 106 
8 + 1.2 >117 400 >113 570 >78 520 
8 + 0.65 >118 60 >116 580 >77 620 
5 71 ± 19 1134 ± 31 41 ± 3 1105 ± 122 41 ± 23 1150 ± 58 
5 + 1.2 >112 350 >94 230 >94 240 
5 + 0.65 >113 60 >92 300 >96 380  

Fig. 5. Summary of the time of harvest (TOH) choice and use of a nuclease. Influence of the time of harvest (TOH) which was 40, 70, and 90 h (±4h for each) post- 
infection on the aim to achieve a high ORFV yield, a low final turbidity, a low DNA concentration in the filtrate, as well as a high filter capacity. The influence of 
using M-SAN HQ on these four responses was additionally evaluated. Color code: green = advantageous/good, yellow = medium/ok, and red = disadvantageous to 
achieve the desired results of the analyzed factors. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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functionality of the recovered ORFV. Observing the virus’s ability to 
infect and replicate within cells serves as a practical in vitro measure of 
its functionality. It’s important to note that we did not continuously 
monitor host cell protein levels during our study, as filtration has not 
shown any noticeable impact on these levels (see Fig. S1A + B), nor was 
any change anticipated. Our findings on the ORFV clarification process 
likely have broader implications beyond Poxviruses such as Vaccinia 
Virus, Canarypox virus or Fowlpox virus, potentially benefiting the 
production processes of Adenoviruses, Adeno-Associated Viruses 
(AAVs), and Lentiviruses. These vectors, often produced in HEK293 
suspension cells and undergoing similar downstream processing chal-
lenges, could see improvements in filtration efficiency and reductions in 
host cell DNA (hcDNA) levels through the application of nuclease 
treatment combined with two stage filtrations. This approach not only 
promises to enhance clarification but also addresses a common chal-
lenge across viral vector production, highlighting the value of our 
study’s insights for a wider range of viral therapeutics and vaccines. For 
the scale-up of a 200 L production, utilizing Maxicaps® MR (30″ cap-
sules) equipped with Sartopure® PP3 membranes is a practical 
approach. Calculations, incorporating a 25 % safety margin, estimate 
the need for about 6.13 m2 and less than 2.75 m2 of membrane area for 
primary and secondary clarification stages, respectively, for a TOH 2 
200 L batch. This setup translates to an efficient operation with four 
capsules needed for the primary clarification and three capsules for the 
secondary clarification, facilitating streamlined parallel processing for 
large-scale production. 

5. Conclusion 

The increasing number of studies of ORFV-based vectors for thera-
peutic or vaccine applications necessitates scalable production methods 
to meet clinical trial demands and market delivery. Transitioning from 
adherent Vero cell processes to a HEK cell suspension process, required 
extensive optimization of the clarification process, central to this study. 
Through a DoE approach, M-SAN HQ in concentration of 60–75 
U•mL− 1, at 37 ◦C for 4 h emerged as the most efficient for DNA reduc-
tion. Screening various filter materials and membrane pore sizes pin-
pointed polypropylene-based filters polypropylene-based filters as 
optimal despite challenges in filter capacity for large-scale operations. 
Employing the Ambr® crossflow for high-throughput testing, we 
established that harvest timing and nuclease application significantly 
enhance ORFV yields and purity, suggesting a scalable clarification 
method for ORFV and potentially other large viruses. 

Declaration of generative AI in scientific writing 

During the preparation of this work the authors used ChatGPT 
(OpenAI) in order to improve language, grammar and readability of the 
manuscript. After using this tool, the authors reviewed and edited the 
content as needed and take full responsibility for the content of the 
publication. 

Funding 

This research was supported in part by the Institutional Strategy of 
the University of Tübingen (Deutsche Forschungsgemeinschaft ZUK63), 
the EXIST Forschungstransfer of the German Ministry for Economic 
Affairs and Energy, which is co-financed by the European Social Fund. 

CRediT authorship contribution statement 

Felix Pagallies: Writing – original draft, Visualization, Methodol-
ogy, Investigation, Formal analysis. Jennifer J. Labisch: Writing – 
original draft, Visualization, Formal analysis, Data curation. Malgor-
zata Wronska: Writing – review & editing, Investigation. Karl Pflanz: 
Writing – review & editing, Conceptualization. Ralf Amann: Writing – 

review & editing, Supervision, Resources, Project administration, 
Funding acquisition, Conceptualization. 

Declaration of competing interest 

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests: 
Ralf Amann reports financial support was provided by University Hos-
pitals Tubingen. Amann Ralf reports a relationship with Prime Vector 
Technologies that includes: employment and equity or stocks. Ralf 
Amann is a co-founder of Prime Vector Technologies (PVT). PVT aims to 
develop vaccines based on Orf virus. If there are other authors, they 
declare that they have no known competing financial interests or per-
sonal relationships that could have appeared to influence the work re-
ported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgements 

We would like to kindly thank Marius Iseke for assistance with the 
Ambr® crossflow filtration experiments. Many thanks go as well to 
Jochem Pronk from Batavia Biosciences and Dr. Peter Eiermann from 
Cytiva for their help with filtration experiments. 

Appendix A. Supplementary material 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jvacx.2024.100474. 

References 

[1] Eilts F, Labisch JJ, Orbay S, Harsy YMJ, Steger M, Pagallies F, et al. Stability studies 
for the identification of critical process parameters for a pharmaceutical production 
of the Orf virus. Vaccine 2023;41(32):4731–42. https://doi.org/10.1016/j. 
vaccine.2023.06.047. 
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