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Abstract

Snakebite envenoming is a major public health burden in tropical parts of the developing

world. In sub-Saharan Africa, neglect has led to a scarcity of antivenoms threatening the

lives and limbs of snakebite victims. Technological advances within antivenom are war-

ranted, but should be evaluated not only on their possible therapeutic impact, but also on

their cost-competitiveness. Recombinant antivenoms based on oligoclonal mixtures of

human IgG antibodies produced by CHO cell cultivation may be the key to obtaining better

snakebite envenoming therapies. Based on industry data, the cost of treatment for a snake-

bite envenoming with a recombinant antivenom is estimated to be in the range USD 60–250

for the Final Drug Product. One of the effective antivenoms (SAIMR Snake Polyvalent

Antivenom from the South African Vaccine Producers) currently on the market has been

reported to have a wholesale price of USD 640 per treatment for an average snakebite.

Recombinant antivenoms may therefore in the future be a cost-competitive alternative to

existing serum-based antivenoms.

Author summary

Given the medical importance of snakebite envenoming and the current shortage of anti-

venoms in sub-Saharan Africa, technological advances in antivenom development and

production are needed. One of the avenues that could be taken involves the use of recom-

binant antivenoms based on oligoclonal mixtures of human IgG antibodies, since these

may have the benefits of being compatible with the human immune system and their pro-

duction is independent on animal immune systems and venom procurement. However,

an important aspect of introducing recombinant antivenoms to the clinic is their cost of

production given that snakebite victims are often poor rural workers living in remote parts

of the tropical parts of the developing world. Here, we aim to provide cost estimates of

recombinant antivenom manufacture with special focus on snakebite envenoming in

sub-Saharan Africa. Our results indicate that recombinant antivenoms in the future will

indeed be cost-competitive compared to existing animal-derived serum-based antivenoms.

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005361 February 3, 2017 1 / 14

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPENACCESS

Citation: Laustsen AH, Johansen KH, Engmark M,

Andersen MR (2017) Recombinant snakebite

antivenoms: A cost-competitive solution to a

neglected tropical disease? PLoS Negl Trop Dis 11

(2): e0005361. doi:10.1371/journal.pntd.0005361

Editor: Robert A. Harrison, Liverpool School of

Tropical Medicine, UNITED KINGDOM

Received: October 20, 2016

Accepted: January 27, 2017

Published: February 3, 2017

Copyright: © 2017 Laustsen et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the paper and its Supporting Information

files.

Funding: This work was supported by

NNF13OC0005613 (ME) and NNF16OC0019248

(AHL) received from the Novo Nordisk Foundation

(http://novonordiskfonden.dk/da). The funders had

no role in study design, data collection and

analysis, decision to publish, or preparation of the

manuscript.

Competing interests: The authors have declared

that no competing interests exist.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0005361&domain=pdf&date_stamp=2017-02-15
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0005361&domain=pdf&date_stamp=2017-02-15
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0005361&domain=pdf&date_stamp=2017-02-15
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0005361&domain=pdf&date_stamp=2017-02-15
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0005361&domain=pdf&date_stamp=2017-02-15
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pntd.0005361&domain=pdf&date_stamp=2017-02-15
http://creativecommons.org/licenses/by/4.0/
http://novonordiskfonden.dk/da


Furthermore, we outline different manufacturing strategies and suggest the use of caprylic

acid precipitation as a low cost purification method following cultivation of CHO cells for

antibody expression due to its use in current antivenom manufacture.

Introduction

The global disease burden from snakebite envenoming is massive, and particularly affecting

poor rural tropical areas in Africa, Asia, Oceania, and Latin America [1]. The incidence of

envenoming is estimated to be in the order of 2–3 million per year, resulting in more than

100,000 deaths [2,3]. Although animal-derived antisera remain the cornerstone of snakebite

therapy [4], biotechnological advances are driving the emergence of different antivenom for-

mats based on human or camelid antibody scaffolds [5,6], which in the future may pave the

way for recombinant oligoclonal mixtures of antivenom antibodies [7]. The potential benefits

of recombinant antivenoms for treatment of snakebite envenoming include higher potency

and fewer side effects (serum sickness and anaphylaxis is not uncommon from animal-derived

antisera) due to the possibility of producing fully human antibody formats specifically target-

ing the medically relevant snake venom toxins [6,8]. In the production of serum-based anti-

venoms, the therapeutically relevant antibodies targeting snake venom toxins cannot easily be

separated from the therapeutically irrelevant antibodies targeting other targets (e.g. bacteria or

vira that the immunized animal has encountered during its life. In contrast, recombinant anti-

venoms may be produced with a significantly higher concentration of therapeutically active

antibodies than current serum-based antivenoms, which are known to only contain between

5–36% specific antibodies directed against venom components [9–11]. However, lack of cost-

competitive production of antivenom antibody mixtures remains a critical hurdle against

making such medicines widely available in poor rural regions of the developing world.

Four families of venomous snakes exist (Elapidae, Viperidae, Atractaspididae, and Colubri-

dae), of which the elapids (such as mambas, cobras, and coral snakes) and viperids (such as

rattlesnakes and other vipers) are responsible for the vast majority of envenomings [12]. Gen-

erally, viperid venoms are cytotoxic, hemotoxic, and occasionally myotoxic, whereas elapid

venoms primarily cause systemic neurotoxicity [12]. The difference in clinical manifestations

of viper and elapid venoms stem from the different families of toxins in the snake venom. Fur-

ther, some of the venom toxins act independently of each other, whereas for others the toxicity

is potentiated via toxin synergism [13]. Neurotoxins must first pass the systemic circulation

before reaching the relevant targets in the central nervous system and are therefore typically

rather small in size. In contrast, toxins which induce tissue damage, including proteases, cyto-

toxins, and myotoxins, are larger proteins which primarily exert their destructive effects at the

site of the bite. This difference in site of action for different toxins means that antivenoms

against locally-acting toxins need to be able to reach distal sites and deep tissue [14], whereas

rapid distribution in the circulatory system may be sufficient for effective delivery of antiven-

oms against systemic toxicity.

Currently, animal-derived snakebite antivenoms are manufactured in three different struc-

tural formats: IgG-based, F(ab)2-based, and Fab-based [6,14] (see Fig 1). F(ab)2 and Fab-based

are generated with the intention of creating improved safety profiles through the removal

of the Fc region of the animal-derived IgG antibodies by treatment with pepsin or papain dur-

ing the manufacturing process [7]. Fab-based antivenoms have been shown to better reach

and neutralize toxins in deep tissue than IgG-based antivenoms, but it comes at a cost of

reduced serum half-life [14]. In comparison, F(ab)2-based antivenoms have pharmacokinetic

properties somewhat in between IgG-based antivenoms and Fab-based antivenoms [14].

Production of recombinant antivenoms
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Therefore, different antivenom formats have different benefits and drawbacks. The IgG format

may represent a more optimal solution for targeting systemically acting toxins, whereas the

Fab format may potentially be more ideal against locally acting toxins. Other formats have

been investigated, including single-chain variable fragments (scFv) and camelid single-domain

antibodies (VHH fragments) [5–7], but none of these are have yet been tested in the clinic.

The standard method for purification of IgGs from the plasma of immunized animals is

based on caprylic (octanoic) acid precipitation [15]. This method is inexpensive and robust,

but also leaves unwanted traces of caprylic acid in the final product. In order to increase the

purity of antivenoms, additional chromatographic steps can be applied, although this leads to

lower production yield and significantly higher production cost [16]. Caprylic acid precipita-

tion of IgGs from plasma should be compared to recombinant mAb production, where the

standard methods of purification are based on affinity chromatography using protein A cap-

ture. The advantage of protein A chromatography is that it leads to a purer product. However,

the method is also significantly more expensive, and the resins used for affinity binding of anti-

bodies have a limited number of uses [17,18], typically 150–200 (personal communication

with Anne Tolstrup, Biogen (Denmark) A/S).

For large-scale production of monoclonal recombinant antibodies, Chinese Hamster Ovary

(CHO) cell-based expression systems are most common [19], partially due to their ability to

produce glycosylation patterns similar to human patterns. CHO cell expression is traditionally

performed in a fed-batch process (see Fig 2), where nutrients for the CHO cells are supplied

for a complete manufacturing process followed by harvest of the entire batch. The antibodies

from this batch are then purified by one or more chromatographic purification steps. Other

cost-competitive production processes, such as hybrid and continuous perfusion processes

(see Fig 2) are emerging [20]. In the hybrid process, cultivation is performed in a fed-batch

reactor followed by continuous or semi-continuous purification of the produced antibodies.

In the continuous perfusion process, the cultivated cells are retained while the growth medium

containing the antibodies is continuously substituted with fresh medium in a perfusion reac-

tor. The used medium undergoes a continuous or semi-continuous purification process in

Fig 1. Overview of the three antibody formats commonly used in serum-based antivenoms. IgG is the entire native immunoglobulin G, whereas the

formats F(ab)2 and Fab are obtained by enzymatic cleavage in the hinge region with pepsin or papain, respectively.

doi:10.1371/journal.pntd.0005361.g001
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order to isolate the antibodies [20,21] (see Fig 2). In the continuous perfusion process, several

companies in the industry are employing continuous chromatographic procedures, such as

Simulated Moving Bed Chromatography (SMBC) (personal communication with Mads Laust-

sen, Symphogen A/S). This procedure allows for efficient use of chromatographic media as

well as it yields higher output of purified product [22]. In the work presented here, we base our

calculations on hybrid and continuous perfusion processes using SMBC as downstream pro-

cess [21]. In addition, we compare the results of these calculations with a manufacturing setup,

where the hybrid and continuous processes employ caprylic acid precipitation as purification

method [20], since this downstream process poses as a cost-competitive alternative that is

already employed in existing antivenom manufacture.

In later years, a growing interest in producing mixtures of monoclonal antibodies has emerged

based on an expectation that improved antibody-based therapies can be obtained by targeting more

than one target in multiple different indications. Two different strategies can be employed to pro-

duce such antibody mixtures: 1) Mixing of individually produced parallel batches of each monoclo-

nal antibody (Fig 3A) [23–25] and 2) oligoclonal expression of antibodies in a single batch (Fig 3B),

exemplified by Merus’ Oligoclonics technology [26] and Symphogen’s Sympress technology [23,25].

In the Oligoclonics technology, a single cell line is transfected with a shared light chain and 2–3 dif-

ferent heavy chains giving rise to several different specificities. In the Sympress technology, a range

of clonal cell lines each expressing different antibodies are mixed together in a single batch in order

Fig 2. Overview of the three different antibody manufacturing process strategies: In the fed-batch process, nutrients for the CHO cells are

supplied for a complete cultivation process followed by harvest and purification of the entire batch by single-batch chromatography. In the

continuous perfusion process, cells are retained while the growth medium containing the antibodies is continuously substituted with fresh medium in a

perfusion reactor. The used media undergoes simulated moving bed chromatography (SMBC), where the chromatographic processes are conducted in a

continuous process as described in [22]. In the hybrid process, cultivation is performed in a fed-batch reactor followed by SMBC instead of single-batch

chromatography.

doi:10.1371/journal.pntd.0005361.g002
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to produce a mix of a desired number of specific antibodies. The Oligoclonics technology limits the

number of different specificities as the single cell line expression system gives rise to stability chal-

lenges with higher numbers of different heavy chains [27]. The Sympress technology on the other

hand allows for any number of different specificities as each antibody specificity is produced by a

separate cell line [23,25].

A single monoclonal antibody is unlikely to be able to effectively neutralize a snake venom,

given the complexity of snake venoms, which each contain numerous different toxins from

different protein families [8]. Instead, mixtures of antibodies will be needed in order to neu-

tralize most of the medically relevant snake venom toxins [6–8,28]. Moreover, it is desirable to

have polyvalent antivenoms that target the venom toxins from more than just a single snake

species, since it is not always possible for clinicians to identify the perpetrating snake species

with certainty. Therefore, a clear need exists for technologies enabling cost-competitive pro-

duction of oligoclonal antibody mixtures, if recombinant antivenoms are to be introduced.

Actual proof of concept studies on the production of recombinant antivenoms have never

been reported. However, sufficient knowledge from related areas within antibody expression

and CHO cell cultivation exists to assess the utility and cost-competitiveness of future recom-

binant antivenoms. Here, we provide an estimate of the production costs of oligoclonal recom-

binant antivenoms based on industry data and discuss the implications that novel antibody

expression technologies may have on future snakebite envenoming therapy. Antivenoms are

likely to be produced with the aim of being able to neutralize most of the medically relevant

snakebites in a particular region of the world, but not the entire world. Therefore, we base our

present estimates on a hypothetical polyvalent antivenom that could be used to treat the

approximately one million snakebite envenomings occurring each year in sub-Saharan Africa,

as such pan-African antivenoms derived from animal serum already exist for comparison.

Fig 3. Schematic representation of two different strategies for recombinant expression of antibody

mixtures. A) Mixing of batches: Antibodies are produced by monoclonal expression in different bioreactors,

followed by individual purification, after which they are mixed to yield the final oligoclonal antivenom product.

B) Oligoclonal expression: Antibodies are produced by oligoclonal expression in one bioreactor containing

different cell lines. Purification can then be performed on the mix of antibodies, providing the final oligoclonal

antivenom.

doi:10.1371/journal.pntd.0005361.g003
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Methods

Estimation of the minimum need for therapeutically active antibodies in

antivenom in sub-Saharan Africa

The estimate of the minimum need for active antibodies (active pharmaceutical ingredient, API)

to neutralize snakebite envenoming is critical for establishing the maximum cost of production

for a recombinant antivenom, as this cost is highly dependent on the scale of production. Here,

the minimum need for active antibodies is based on the number of snakebite envenomings in

sub-Saharan Africa (approximately one million victims) [2], the average number of vials needed

to treat an envenoming (for the representative SAIMR Snake Polyvalent Antivenom from the

South African Vaccine Producers), which is estimated to be between 6 and 10 vials per treatment

[29], the volume and protein content of this antivenom (10 mL and 172 mg/mL) (as measured by

their absorbance at 280 nm on a NanoDrop 2000c instrument, Thermo Scientific) [30], and the

lowest estimate (5%) of the percentage of venom-recognizing antibodies in an antivenom (rang-

ing between 5% and 36%) [9–11]. In fact, the amount of therapeutically active antibodies is likely

to be even lower, since not all venom components are medically relevant, yet still induce an

immune response during the animal immunization process. Also, we assume that antibodies pro-

duced recombinantly are equipotent (mol-to-mol) to the therapeutically active antibodies found

in current antivenoms, and we take the difference in molecular weight between IgG molecules

and F(ab)2 fragments into account in the calculation of the minimum need of antibodies. Finally,

we do not take into account any amount of antivenom that may be discarded due to expiration.

Cost of Goods Manufactured (COGM) per gram for oligoclonal antibody

production

The cost of recombinant monoclonal antibodies is highly dependent on the manufacturing

approach and the scale of production. The Cost of Goods Manufactured of Active Pharmaceuti-

cal Ingredient (COGMAPI) has been analyzed extensively on several occasions [20,31,32]. Pro-

duction costs of monoclonal antibodies range from 36 USD/g to 1500 USD/g depending on the

manufacturing facilities used [20,33] and when the process was developed (personal communi-

cation with Anne Tolstrup, Biogen (Denmark) A/S). We base our calculations on the Sympress

technology, as this has been successfully employed in the development and production of several

oligoclonal antibody-based therapies that have entered clinical trials (http://www.symphogen.

com/pipeline). The COGMAPI of recombinant oligoclonal antibodies is estimated to be 0–10%

higher than the production cost of conventional mAbs [25]. In our analysis, four manufacturing

situations (annual production of 100 kgAPI, 200 kgAPI, 500 kgAPI, and 1,000 kgAPI), based on

reported cost estimates for fed-batch, hybrid, and continuous perfusion processes [31] were

employed to estimate COGMAPI for oligoclonal antibody production. The reported cost esti-

mates in [31] are calculated based on SMBC as the purification process, using the most realistic

assumptions for fed-batch, hybrid, and continuous perfusion, where the fed-batch reactors are

used multiple times to obtain titers of 3 g/L, and where continuous perfusion is performed with

a cell specific perfusion rate (CSPR) of 0.05 nL per cell-1 d-1 with a titer of 0.4 g/L [21].

Cost of Goods Manufactured (COGM) per treatment for oligoclonal

recombinant antivenoms

To estimate the COGMAPI for a snakebite treatment using oligoclonal recombinant antiven-

oms at a scale of 500 kgAPI, direct costs of 62 USD/g (fed-batch), 47 USD/g (hybrid), and 89

USD/g (continuous perfusion) (determined in the previous section) were employed (also see

Fig 4). Estimates were based on two different relative amounts (5% and 20%) of therapeutically

Production of recombinant antivenoms
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active antibodies present in current antivenoms. The number of vials per average treatment

for the SAIMR Snake Polyvalent Antivenom from the South African Vaccine Producers was

based on data published in [29]. Vial volume and protein concentration are equal to those

given above. Finally, to estimate the Cost of Goods Manufactured for the final drug product

(COGMFDP) the cost of formulation and packaging was (in discussion with Mads Laustsen,

Symphogen A/S) estimated to be 5 USD/vial, which is five times the cost reported for current

antivenoms in [34], and the upper limit for the concentration of active antibodies in 10 mL

vials with recombinant oligoclonal antivenom was set to 100 mg/mL. For comparison, we per-

formed cost estimates based on an alternative set of numbers for production of oligoclonal

recombinant antivenom using caprylic acid precipitation as the purification method for hybrid

and continuous perfusion processes at a scale of 500 kgAPI. Here, we applied COGMAPI from

[20] for commercial production and added 10% for oligoclonal production [25]: 46 USD/g for

fed-batch cultivation followed by single-batch chromatography, 33 USD/g for hybrid (fed-

batch cultivation followed by continuous precipitation-based purification), and 42 USD/g for

continuous perfusion followed by continuous precipitation-based purification.

Results and discussion

Minimum antivenom need in sub-Saharan Africa

The unit cost of recombinant antibody production is highly dependent on the scale of antibod-

ies produced [31,35]. To estimate the order of magnitude of the amount of antibodies needed

to treat all snakebites in sub-Saharan Africa, we disregarded the fact that many antivenoms

may not be used for effective therapeutic treatment of victims due to expiration or loss during

the supply chain. Thus, we made the assumption that manufacturing volume equals need,

which may not be the case in reality. Also, we only considered the therapeutically active anti-

bodies in current antivenoms, which are likely to be no more than the amount of antibodies in

antivenoms that are able to recognize snake toxins: 5% to 36% [9–11], since there is no reason

to include ineffective antibodies, when producing antibodies using a recombinant approach.

In our assessment of the sub-Saharan African need, we employed the lowest average number

of vials (6 vials, 10 mL/vial) reported for the SAIMR Snake Polyvalent Antivenom from the

South African Vaccine Producers [29] and the lowest estimate of the content of therapeutically

active antibodies in this antivenom, being 5%. Based on these assumptions, we provide the

conservative estimate that the sub-Saharan African need for therapeutically active antivenom

antibodies to be at least 500 kgAPI per year. This number does not represent a precise estima-

tion of the actual need, however, it provides a lower estimate of the magnitude required for

production of antibodies for recombinant antivenoms, which may further be used to estimate

the COGMAPI (USD/gram) for the manufacture of recombinant antibodies. In reality, the real

need may be in the order of 1 to 2 tonAPI per year (if e.g. the assumed content of therapeutically

active antibodies is assumed to be 10–20% instead of only 5% for the SAIMR Snake Polyvalent

Antivenom from the South African Vaccine Producers). However, increasing the production

volumes above 250 kgAPI per year has limited influence on COGMAPI [31] (disregarding any

possible capital investment needed in reality to modify production facilities), see Fig 4.

Cost of Goods Manufactured (COGM) for oligoclonal recombinant

antivenoms

In our assessment of the COGMAPI for oligoclonal recombinant antivenoms produced via a

fed-batch, hybrid, and continuous perfusion process, we employed cost estimates provided by

industry [31] according to a scale of production in the range of 500 kgAPI per year is estimated

Production of recombinant antivenoms
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in the section above (see Fig 4 for cost as a function of scale of production). At this scale, the

COGMAPI for production of oligoclonal antibody mixtures is estimated to 62 USD/g for a fed-

batch process, 47 USD/g for a hybrid process, and 89 USD/g for a continuous perfusion pro-

cess in agreement with similar cost estimates reported in literature [20,25,31,36,37].

To compare the COGMAPI per treatment, we here employed both a low estimate (5% of the

antivenom antibodies are active) and an estimate that we consider more realistic (20% of the

antivenom antibodies are active) based on numbers from [9–11]. In these calculations, we

assumed that the average snakebite envenoming requires 8 vials (10 mL/vial) of SAIMR Snake

Polyvalent Antivenom [29]. As it can be seen in Fig 5A, the COGMAPI per treatment for oligo-

clonal recombinant antivenoms at a scale of 500 kgAPI estimated to be between USD 58–233 in

fed-batch mode, USD 44–176 in hybrid mode, and USD 83–334 in continuous perfusion

mode based on the low and high estimates of the content of therapeutically active antibodies

in an antivenom.

In order to estimate the Cost of Goods Manufactured for the Final Drug Product

(COGMFDP), which includes formulation and packaging, we used a cost estimate of 5 USD/

vial. We further assumed that each 10 mL vial could be formulated with an antibody concen-

tration of up to 100 mg/mL, but that for administration purposes an average envenoming

should be treated with at least 4 vials. This would allow a physician to easily administer less

antivenom for milder envenomings requiring a dose lower than average. Since much fewer

antibodies are needed in a recombinant antivenom compared to traditional antisera, as only

the therapeutically active antibodies are manufactured, these criteria had the effect that treat-

ments with all antibody formats would meet the minimum requirement of 4 vials for

Fig 4. Estimation of Cost of Goods Manufactured (COGM) per gram for oligoclonal antibody production at different scales of production for

three different manufacturing strategies, Fed-batch, hybrid, and continuous perfusion (all using chromatography as purification method,

see Fig 2), based on cost estimates from [25,31].

doi:10.1371/journal.pntd.0005361.g004

Production of recombinant antivenoms
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formulation, adding 20 USD to the COGM of treatment. The COGMFDP per treatment is

therefore estimated to USD 78–253 in fed-batch mode, USD 64–196 in hybrid mode, and USD

103–354 in continuous perfusion mode (see Fig 5A). The fairly broad estimates for each indi-

vidual situation derives from the uncertainty of how many therapeutically active antibodies

actually exist in the existing SAIMR Snake Polyvalent Antivenom. In these estimates, we

employed a percentage between 5% and 20%, which corresponds to a 4-fold increase from the

lowest estimate to the highest. More knowledge and better understanding of the therapeutic

content of existing antivenoms would be useful to narrow down the cost estimates presented

here. Even more desirable, however, would be to have proof of concept recombinant antiven-

oms with a defined set of discovered and tested human monoclonal antibodies upon which

better cost estimates could be performed. As effective doses of individual antibodies in real

case scenarios may span 1–2 log units, having such a defined set of antibodies with specific

ED50s would allow for bottom-up calculations based on optimal molecular ratios between

antibodies (removing the need for assuming equipotency (mol-to-mol) of antiserum-based

antibodies and recombinantly produced antibodies, see Methods). In real case scenarios, mini-

mum requirements for antibody efficacy and ease of expression should be imposed as selection

criteria to ensure that the antibodies selected for a recombinant antivenom are compatible

with oligoclonal expression methods (e.g. Sympress or Oligoclonics).

Since caprylic acid precipitation is routinely employed in the manufacture of current anti-

venoms [15], a comparison of the COGMFDP per treatment for oligoclonal recombinant anti-

venoms produced using continuous caprylic acid precipitation for the hybrid and continuous

perfusion processes was performed. Based on numbers from [20,25], the COGMAPI was in this

case estimated to 46 USD/g for fed-batch cultivation followed by single-batch chromatogra-

phy, 33 USD/g for hybrid (fed-batch cultivation followed by continuous precipitation-based

purification), and 42 USD/g for continuous perfusion followed by continuous precipitation-

based purification. These cost estimates based on the application of caprylic acid precipitation

for the hybrid and continuous process are significantly lower than the estimates based on

Fig 5. Estimation of Cost of Goods Manufactured (COGM) per snakebite treatment for oligoclonal antibody production at a production scale of

500 kgAPI for three different manufacturing strategies: Fed-batch, hybrid, and continuous perfusion. A) Cost estimated based numbers from [31],

employing SMBC as purification method for the hybrid and continuous perfusion processes. B) Cost estimated based numbers from [20], employing

continuous caprylic acid precipitation as purification method for the hybrid and continuous perfusion processes instead of continuous SMBC. API: Active

Pharmaceutical Ingredient. FDP: Final Drug Product.

doi:10.1371/journal.pntd.0005361.g005

Production of recombinant antivenoms
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processes employing chromatography. Using these lower cost estimates therefore leads to a

significant lowering of the COGMAPI, estimated to USD 43–173 for fed-batch mode, USD 31–

124 for hybrid mode, and USD 39–158 for continuous perfusion mode. When including 4

vials for formulation, the COGMFDP is estimated to USD 63–193 for fed-batch mode, USD

51–144 for hybrid mode, and USD 59–178 for continuous perfusion mode (see Fig 5B). Our

results may therefore point towards the applicability of caprylic acid precipitation for manu-

facture of recombinant antivenoms due to its lower cost and compliance with current anti-

venom manufacture. In general, since we estimate the cost estimates on oligoclonal expression

by adding 10% to the COGMAPI for oligoclonal antibodies compared to monoclonal antibod-

ies, the cost estimates presented here subtracted these 10% may also be valid for the production

of recombinant antivenoms based on monoclonal antibodies against animal venoms, where

venom toxicity can be abrogated by targeting a single toxin (or more toxins with a cross-reac-

tive antibody).

The COGM estimates (approx. USD 60–350 per treatment for processes using chromatog-

raphy as purification method and approx. USD 50–190 per treatment for processes using

caprylic acid precipitation as purification method) presented here compare favorably with

the wholesale cost of SAIMR Snake Polyvalent Antivenom (USD 640 per treatment) [29].

Although the wholesale cost may not adequately reflect the COGMFDP for SAIMR Snake Poly-

valent Antivenom, our COGMFDP estimates for recombinant production indicate that even

with a fairly high margin for distribution, sales, and profit (45–92% depending on manufactur-

ing strategy and purification method), that snakebite envenoming treatments based on recom-

binant antivenoms could be cost-competitive with current serum-based antivenoms.

In this feasibility study, we focus on the production of IgG-based antibodies, since other

antibody formats, such as Fab, scFv, or VHH would not be produced in CHO cells, but rather

in prokaryotic systems (personal communication with Mads Laustsen, Symphogen A/S). We

therefore do not intend to provide an in-depth discussion on any therapeutic or pharmacoki-

netic benefits that some antibody formats may have above others. Some of these differences

include the bivalency of IgG and F(ab)2 and the prolonged half-life of IgG compared to both F

(ab)2, Fab, scFv, and VHH fragments [6,14,38,39]. The shorter half-life of F(ab)2s, Fabs, scFvs,

and VHHs makes it likely that larger doses of these more rapidly degraded formats are needed

to effectively neutralize all venom toxins in a snakebite envenoming. Also, even for systemi-

cally acting neurotoxins that are able to reach their targets within minutes, a delayed release of

toxins from the bite site may occur over a period of days, demanding either repeated doses or

longer serum half-life of the antivenom [40]. On the other hand, smaller fragments may possi-

bly penetrate faster into distal tissue, where venom toxins are initially located following a

snakebite, possibly providing therapeutic benefits to the use of smaller fragments. It is likely

that Fabs, scFv, or VHH-based recombinant antivenoms could be produced in large scale at an

even lower cost using prokaryotic systems that do not require expensive media, and which

have a high growth rate and productivity. A COGM analysis comparing the different formats

and taking the molecular and pharmacokinetic differences into account is, however, beyond

the scope of this study as we deem it to be too speculative, given the large amount of assump-

tions that would need to be made. Since the majority of current antivenoms (including the

SAIMR Snake Polyvalent Antivenom) are based on the F(ab)2 format [6], which has a compa-

rable molecular size and bivalence, the COGM estimates presented here may indeed provide a

rough assessment of the relative cost-competitiveness of IgG-based antivenoms. Moreover, the

human IgG format with its long half-life has never been thoroughly explored in the field of

antivenom, and it may indeed provide additional benefits such as lower administration doses

needed for the treatment of a snakebite envenoming. The data presented here therefore war-

rant further research into the development of recombinant antivenoms. Additionally, a need
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presents itself for discussing how to handle regulatory affairs, when a switch from conventional

antisera (which are defined as “blood products”) to recombinant antivenoms (probably to be

defined as “biopharmaceuticals/biologics”) occurs.

As a final remark, the cost of recombinant antibody production has been hypothesized to

possibly reach as low levels as 10–20 USD/g in the longer term [33,36,41]. Although reaching

such a low cost of production may be years into the future and require a larger scale than what

is relevant for antivenoms, it may indicate that the cost of recombinant antivenoms in the

future may be even lower than what is estimated here.

Conclusions

Based on industrial cost estimates of oligoclonal expression of antibodies at large scale and the

estimated need for therapeutically active antibodies to treat the one million snakebite enve-

nomings occurring each year in sub-Saharan Africa, we estimate that recombinant pan-Afri-

can antivenoms could be produced with a COGMAPI of 62 USD/g (fed-batch), 47 USD/g

(hybrid process), and 89 USD/g (continuous perfusion), when chromatography is used as

purification method, and 46 USD/g (fed-batch), 33 USD/g (hybrid process), and 42 USD/g

(continuous perfusion), when caprylic acid precipitation is used as purification method for

the hybrid and continuous perfusion process. This translates into an approximate Cost of

Goods Manufactured for the IgG-based final drug product including vials and formulation

(COGMFDP) between approx. USD 60–350 per treatment (for processes using chromatogra-

phy as purification method) and approx. USD 50–190 per treatment (for processes using

caprylic acid precipitation as purification method) for treating an average snakebite envenom-

ing that would normally require 8 vials of SAIMR Snake Polyvalent Antivenom from the

South African Vaccine Producers [29]. These estimates compare favorably with previously

reported costs of treatment ranging from USD 56 to 640 for current serum-based antivenoms

[29], leaving a large margin (45–92%) for formulation, distribution, sales, and profit when

comparing with the golden standard antivenom, SAIMR Snake Polyvalent Antivenom.

The data-supported cost estimates presented here may provide better insight into the eco-

nomics of recombinant antivenom production and help guide decision processes on what

technological platforms future antivenoms should be built on. Our estimates demonstrate the

cost-competitiveness of the production of recombinant antivenoms, which may provide incen-

tive to more researchers to engage in the development and testing of such novel therapies

against snakebite envenoming.
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1. Williams DJ, Gutiérrez J-M, Calvete JJ, Wüster W, Ratanabanangkoon K, Paiva O, et al. Ending the

drought: New strategies for improving the flow of affordable, effective antivenoms in Asia and Africa. J

Proteomics. 2011; 74: 1735–1767. doi: 10.1016/j.jprot.2011.05.027 PMID: 21640209

2. Chippaux JP. Snake-bites: appraisal of the global situation. Bull World Health Organ. 1998; 76: 515–

524. PMID: 9868843

3. Kasturiratne A, Wickremasinghe AR, Silva N de, Gunawardena NK, Pathmeswaran A, Premaratna R,

et al. The Global Burden of Snakebite: A Literature Analysis and Modelling Based on Regional Esti-

mates of Envenoming and Deaths. PLOS Med. 2008; 5: e218. doi: 10.1371/journal.pmed.0050218

PMID: 18986210

4. Gutiérrez JM, León G, Lomonte B, Angulo Y. Antivenoms for snakebite envenomings. Inflamm Allergy

Drug Targets. 2011; 10: 369–380. PMID: 21745181

5. Laustsen AH, SolàM, Jappe EC, Oscoz S, Lauridsen LP, Engmark M. Biotechnological Trends in Spi-

der and Scorpion Antivenom Development. Toxins. 2016; 8: 226. doi: 10.3390/toxins8080226 PMID:

27455327

6. Laustsen AH, Engmark M, Milbo C, Johannesen J, Lomonte B, Gutiérrez JM, et al. From Fangs to Phar-

macology: The Future of Snakebite Envenoming Therapy. Curr Pharm Des. 2016; 22: 5270–5293.

PMID: 27339430

7. Laustsen AH. Recombinant antivenoms. 1st ed. Copenhagen, Denmark: University of Copenhagen;

2016.

8. Laustsen AH, Lohse B, Lomonte B, Engmark M, Gutiérrez JM. Selecting key toxins for focused devel-

opment of elapid snake antivenoms and inhibitors guided by a Toxicity Score. Toxicon. 2015; 104: 43–

45. doi: 10.1016/j.toxicon.2015.07.334 PMID: 26238171

9. Rawat S, Laing G, Smith DC, Theakston D, Landon J. A new antivenom to treat eastern coral snake

(Micrurus fulvius fulvius) envenoming. Toxicon Off J Int Soc Toxinology. 1994; 32: 185–190.

10. Herrera M, Paiva OK, Pagotto AH, Segura A, Serrano SMT, Vargas M, et al. Antivenomic characteriza-

tion of two antivenoms against the venom of the taipan, Oxyuranus scutellatus, from Papua New

Guinea and Australia. Am J Trop Med Hyg. 2014; 91: 887–894. doi: 10.4269/ajtmh.14-0333 PMID:

25157124

11. Segura A, Herrera M, Villalta M, Vargas M, Gutiérrez JM, León G. Assessment of snake antivenom

purity by comparing physicochemical and immunochemical methods. Biol J Int Assoc Biol Stand. 2013;

41: 93–97.

12. Gutiérrez JM, Theakston RDG, Warrell DA. Confronting the Neglected Problem of Snake Bite Enven-

oming: The Need for a Global Partnership. PLOS Med. 2006; 3: e150. doi: 10.1371/journal.pmed.

0030150 PMID: 16729843

13. Laustsen AH. Toxin synergism in snake venoms. Toxin Rev. 2016; 35: 165–170. doi: http://dx.doi.org/

10.1080/15569543.2016.1220397

14. Gutiérrez JM, León G, Lomonte B. Pharmacokinetic-pharmacodynamic relationships of immunoglobu-

lin therapy for envenomation. Clin Pharmacokinet. 2003; 42: 721–741. doi: 10.2165/00003088-

200342080-00002 PMID: 12846594

15. Vargas M, Segura A, Herrera M, Villalta M, Estrada R, Cerdas M, et al. Preclinical Evaluation of Caprylic

Acid-Fractionated IgG Antivenom for the Treatment of Taipan (Oxyuranus scutellatus) Envenoming in

Papua New Guinea. PLOS Negl Trop Dis. 2011; 5: e1144. doi: 10.1371/journal.pntd.0001144 PMID:

21610854

16. Raweerith R, Ratanabanangkoon K. Fractionation of equine antivenom using caprylic acid precipitation

in combination with cationic ion-exchange chromatography. J Immunol Methods. 2003; 282: 63–72.

PMID: 14604541

Production of recombinant antivenoms

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005361 February 3, 2017 12 / 14

http://dx.doi.org/10.1016/j.jprot.2011.05.027
http://www.ncbi.nlm.nih.gov/pubmed/21640209
http://www.ncbi.nlm.nih.gov/pubmed/9868843
http://dx.doi.org/10.1371/journal.pmed.0050218
http://www.ncbi.nlm.nih.gov/pubmed/18986210
http://www.ncbi.nlm.nih.gov/pubmed/21745181
http://dx.doi.org/10.3390/toxins8080226
http://www.ncbi.nlm.nih.gov/pubmed/27455327
http://www.ncbi.nlm.nih.gov/pubmed/27339430
http://dx.doi.org/10.1016/j.toxicon.2015.07.334
http://www.ncbi.nlm.nih.gov/pubmed/26238171
http://dx.doi.org/10.4269/ajtmh.14-0333
http://www.ncbi.nlm.nih.gov/pubmed/25157124
http://dx.doi.org/10.1371/journal.pmed.0030150
http://dx.doi.org/10.1371/journal.pmed.0030150
http://www.ncbi.nlm.nih.gov/pubmed/16729843
http://dx.doi.org/10.1080/15569543.2016.1220397
http://dx.doi.org/10.1080/15569543.2016.1220397
http://dx.doi.org/10.2165/00003088-200342080-00002
http://dx.doi.org/10.2165/00003088-200342080-00002
http://www.ncbi.nlm.nih.gov/pubmed/12846594
http://dx.doi.org/10.1371/journal.pntd.0001144
http://www.ncbi.nlm.nih.gov/pubmed/21610854
http://www.ncbi.nlm.nih.gov/pubmed/14604541


17. Liu HF, Ma J, Winter C, Bayer R. Recovery and purification process development for monoclonal anti-

body production. mAbs. 2010; 2: 480–499. doi: 10.4161/mabs.2.5.12645 PMID: 20647768

18. Arunakumari A, Wang J, Diehl TK. Protein purification by caprylic acid (octanoic acid) precipitation

[Internet]. 2012. Available: http://www.google.com/patents/EP2445925A1?cl=en

19. Walsh G. Biopharmaceutical benchmarks 2014. Nat Biotechnol. 2014; 32: 992–1000. doi: 10.1038/nbt.

3040 PMID: 25299917

20. Hammerschmidt N, Tscheliessnig A, Sommer R, Helk B, Jungbauer A. Economics of recombinant anti-

body production processes at various scales: Industry-standard compared to continuous precipitation.

Biotechnol J. 2014; 9: 766–775. doi: 10.1002/biot.201300480 PMID: 24706569

21. Klutz S, Magnus J, Lobedann M, Schwan P, Maiser B, Niklas J, et al. Developing the biofacility of the

future based on continuous processing and single-use technology. J Biotechnol. 2015; 213: 120–130.

doi: 10.1016/j.jbiotec.2015.06.388 PMID: 26091773

22. Bisschops MAT, Londo TR. Conversion of fixed-bed liquid chromatography processes to simulated

moving bed processes [Internet]. US20120203531 A1, 2012. Available: http://www.google.com/

patents/US20120203531

23. Wiberg FC, Rasmussen SK, Frandsen TP, Rasmussen LK, Tengbjerg K, Coljee VW, et al. Production

of target-specific recombinant human polyclonal antibodies in mammalian cells. Biotechnol Bioeng.

2006; 94: 396–405. doi: 10.1002/bit.20865 PMID: 16596663

24. D’Souza JW, Robinson MK. Oligoclonal antibodies to target the ErbB family. Expert Opin Biol Ther.

2015; 15: 1015–1021. doi: 10.1517/14712598.2015.1042362 PMID: 25936923

25. Rasmussen SK, Næsted H, Müller C, Tolstrup AB, Frandsen TP. Recombinant antibody mixtures: pro-

duction strategies and cost considerations. Arch Biochem Biophys. 2012; 526: 139–145. doi: 10.1016/j.

abb.2012.07.001 PMID: 22820097

26. Thompson NJ, Hendriks LJ, de Kruif J, Throsby M, Heck AJ. Complex mixtures of antibodies generated

from a single production qualitatively and quantitatively evaluated by native Orbitrap mass spectrome-

try. mAbs. 2014; 6: 197–203. doi: 10.4161/mabs.27126 PMID: 24351421

27. de Kruif J, Kramer A, Nijhuis R, van der Zande V, Blanken R den, Clements C, et al. Generation of sta-

ble cell clones expressing mixtures of human antibodies. Biotechnol Bioeng. 2010; 106: 741–750. doi:

10.1002/bit.22763 PMID: 20564612

28. Roncolato EC, Campos LB, Pessenda G, Costa e Silva L, Furtado GP, Barbosa JE. Phage display as a

novel promising antivenom therapy: A review. Toxicon. 2015; 93: 79–84. doi: 10.1016/j.toxicon.2014.

11.001 PMID: 25447775

29. Brown NI. Consequences of Neglect: Analysis of the Sub-Saharan African Snake Antivenom Market

and the Global Context. PLoS Negl Trop Dis. 2012; 6: e1670. doi: 10.1371/journal.pntd.0001670 PMID:

22679521

30. Engmark M, Andersen MR, Laustsen AH, Patel J, Sullivan E, de Masi F, et al. High-throughput

immuno-profiling of mamba (Dendroaspis) venom toxin epitopes using high-density peptide microar-

rays. Sci Rep. 2016 Nov 8; 6:36629. doi: 10.1038/srep36629 PMID: 27824133

31. Klutz S, Holtmann L, Lobedann M, Schembecker G. Cost evaluation of antibody production processes

in different operation modes. Chem Eng Sci. 2016; 141: 63–74.

32. Farid SS, Pollock J, Ho SV. Evaluating the Economic and Operational Feasibility of Continuous Pro-

cesses for Monoclonal Antibodies. In: Subramanian G, editor. Continuous Processing in Pharmaceuti-

cal Manufacturing. Wiley-VCH Verlag GmbH & Co. KGaA; 2014. pp. 433–456.

33. Farid SS. Process economics of industrial monoclonal antibody manufacture. J Chromatogr B Analyt

Technol Biomed Life Sci. 2007; 848: 8–18. doi: 10.1016/j.jchromb.2006.07.037 PMID: 16899415

34. Morais V, Massaldi H. Economic evaluation of snake antivenom production in the public system. J

Venom Anim Toxins Trop Dis. 2006; 12: 497–511.

35. Kelley B. Industrialization of mAb production technology: The bioprocessing industry at a crossroads.

mAbs. 2009; 1: 443–452. PMID: 20065641

36. Chadd HE, Chamow SM. Therapeutic antibody expression technology. Curr Opin Biotechnol. 2001; 12:

188–194. PMID: 11287236

37. Laustsen AH, Johansen KH, Engmark M, Andersen MR. Snakebites: costing recombinant antivenoms.

Nature. 2016; 538: 41. doi: 10.1038/538041e PMID: 27708295

38. Roopenian DC, Sun VZ. Clinical Ramifications of the MHC Family Fc Receptor FcRn. J Clin Immunol.

2010; 30: 790–797. doi: 10.1007/s10875-010-9458-6 PMID: 20848168

39. Chan AC, Carter PJ. Therapeutic antibodies for autoimmunity and inflammation. Nat Rev Immunol.

2010; 10: 301–316. doi: 10.1038/nri2761 PMID: 20414204

Production of recombinant antivenoms

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005361 February 3, 2017 13 / 14

http://dx.doi.org/10.4161/mabs.2.5.12645
http://www.ncbi.nlm.nih.gov/pubmed/20647768
http://www.google.com/patents/EP2445925A1?cl=en
http://dx.doi.org/10.1038/nbt.3040
http://dx.doi.org/10.1038/nbt.3040
http://www.ncbi.nlm.nih.gov/pubmed/25299917
http://dx.doi.org/10.1002/biot.201300480
http://www.ncbi.nlm.nih.gov/pubmed/24706569
http://dx.doi.org/10.1016/j.jbiotec.2015.06.388
http://www.ncbi.nlm.nih.gov/pubmed/26091773
http://www.google.com/patents/US20120203531
http://www.google.com/patents/US20120203531
http://dx.doi.org/10.1002/bit.20865
http://www.ncbi.nlm.nih.gov/pubmed/16596663
http://dx.doi.org/10.1517/14712598.2015.1042362
http://www.ncbi.nlm.nih.gov/pubmed/25936923
http://dx.doi.org/10.1016/j.abb.2012.07.001
http://dx.doi.org/10.1016/j.abb.2012.07.001
http://www.ncbi.nlm.nih.gov/pubmed/22820097
http://dx.doi.org/10.4161/mabs.27126
http://www.ncbi.nlm.nih.gov/pubmed/24351421
http://dx.doi.org/10.1002/bit.22763
http://www.ncbi.nlm.nih.gov/pubmed/20564612
http://dx.doi.org/10.1016/j.toxicon.2014.11.001
http://dx.doi.org/10.1016/j.toxicon.2014.11.001
http://www.ncbi.nlm.nih.gov/pubmed/25447775
http://dx.doi.org/10.1371/journal.pntd.0001670
http://www.ncbi.nlm.nih.gov/pubmed/22679521
http://dx.doi.org/10.1038/srep36629
http://www.ncbi.nlm.nih.gov/pubmed/27824133
http://dx.doi.org/10.1016/j.jchromb.2006.07.037
http://www.ncbi.nlm.nih.gov/pubmed/16899415
http://www.ncbi.nlm.nih.gov/pubmed/20065641
http://www.ncbi.nlm.nih.gov/pubmed/11287236
http://dx.doi.org/10.1038/538041e
http://www.ncbi.nlm.nih.gov/pubmed/27708295
http://dx.doi.org/10.1007/s10875-010-9458-6
http://www.ncbi.nlm.nih.gov/pubmed/20848168
http://dx.doi.org/10.1038/nri2761
http://www.ncbi.nlm.nih.gov/pubmed/20414204


40. Lavonas EJ, Kokko J, Schaeffer TH, Mlynarchek SL, Bogdan GM, Dart RC. Short-Term Outcomes

After Fab Antivenom Therapy for Severe Crotaline Snakebite. Ann Emerg Med. 2011; 57: 128–137.e3.

doi: 10.1016/j.annemergmed.2010.06.550 PMID: 20952098

41. Kelley B. Very large scale monoclonal antibody purification: the case for conventional unit operations.

Biotechnol Prog. 2007; 23: 995–1008. doi: 10.1021/bp070117s PMID: 17887772

Production of recombinant antivenoms

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0005361 February 3, 2017 14 / 14

http://dx.doi.org/10.1016/j.annemergmed.2010.06.550
http://www.ncbi.nlm.nih.gov/pubmed/20952098
http://dx.doi.org/10.1021/bp070117s
http://www.ncbi.nlm.nih.gov/pubmed/17887772

