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Abstract: This paper provides a comprehensive review of the history of laboratory-acquired infections
(LAISs) from a scientific perspective on biosafety risks. It analyzes cases from the late 19th century
to the 2020s, whereas the previous research on this topic has primarily focused on social factors. By
combining real case studies, this study elucidates the mechanisms of LAI occurrence and development,
compares the attribution of risks and mitigation measures, and establishes the scientific patterns of
LAIs” historical evolution. The details of LAI cases are compared to the biosafety risk assessment
indices of the World Health Organization (WHO), the United States, and China. These real cases of
LAI occurrence risks are now incorporated into biosafety standards and assessments in the modern
era. Additionally, factors that pose potential risks of LAIs, even if they have not yet manifested, are
also highlighted.
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1. Introduction

Laboratory personnel have been exposed to the risk of pathogen infection even before
the emergence of microbiology. The Centers for Disease Control and Prevention (CDC)
defines a LAI as “an infection acquired by laboratory personnel during laboratory work”.
In the 1950s and 1960s, Sulkin and Pike reported over 4000 cases of LAIs between 1949 and
1974, with a death rate of 4.1% [1]. The relative risk of microbiologists acquiring infections
ranges from 0.03 to 8000 compared to the general population. In 2018, researchers estimated
that the annual incidence rate of LAl in the US was approximately one to five cases per
1000 employees [2].

LAIs have not received the attention they deserve historically, due to the absence of
legal requirements and mechanisms for data collection in many countries. Additionally,
laboratory heads have been concerned about facing blame, while editors have been reluctant
to publish such reports [3]. In 1994, the United Kingdom introduced the “Reporting of
Injuries, Diseases and Dangerous Occurrences Regulations”, which mandated the reporting
of LAls; however, the collected information was deemed confidential and not in the public
domain. In October 2016, the International Editorial Board of the American Biological
Safety Association (ABSA) developed an online searchable database for LAlIs, which has
effectively reduced the time required to identify relevant biological risks [4]. With the
constant emergence of new pathogens and the continuous updating of knowledge on
existing pathogens, the research on laboratory biosafety has become increasingly in-depth.
In order to better implement the relevant provisions of the Biosafety Law of the People’s
Republic of China, the National Health Commission of China has, in 2023, developed a new
version of the Catalogue of Human Infectious Pathogenic Micro-organisms by referencing
and adopting international and domestic regulations and research achievements.
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The first recorded LAI was a case of typhoid fever in 1885. Thirty years later, Kisskalt
published an investigation, making it the first documented report of LAI[5]. From the 1950s
and 1960s, pioneers such as Sulkin and Pike began systematically studying LAls, and more
recent research by K. Byers and L. Harding has involved numerous case investigations
and epidemiological analyses of LAls. Some studies have combined policy research and
sociological discussions to view LAls as occupational diseases or as part of the field of
biosafety research. However, there is a lack of research combining the study of LAIs
from a historical perspective with real case examples, and an analysis on the intrinsic
relationship between LAls and the assessment of biosafety risks. Based on real-world
cases as factual data, this paper analyzes the risk factors and classification of LAIs from
the perspective of biosafety science, revealing the historical evolution, key milestones,
and biosafety elements of LAls. Furthermore, the study conducts a comparative analysis
of the historical causes of LAI risk factors and the scientific implications of laboratory
biosafety, thereby demonstrating the compatibility between modern biosafety concepts and
the development path and scientific rationale of the history of technology.

2. Early Lab Safety Challenges and Antibiotic Beginnings (1901-1947)

During the early 20th century, safety hazards were widespread in biological labo-
ratories. The equipment was rudimentary, the environment was poor, and insects were
abundant. The staff generally lacked awareness about protective measures, and it was con-
sidered normal to smoke, eat, smell cultures, and perform oral pipetting in the laboratory.
Among 23 reported cases of LAls in 1915, 16 cases were attributed to oral pipetting [5].
Although the precursor of the rubber bulb pipette, known as the Pasteur pipette, had been
on the market, it was not until Heinrich Schnitger invented the micropipette in 1957 that the
Carlsberg pipette, which involved oral pipetting (Figure 1), was widely used in biological
laboratories, posing a significant LAI risk to the experimenters [6].

Figure 1. “Pfc. Johnnie Mae Welton, Negro WAC, laboratory technician trainee, conducts an experi-
ment in the serology laboratory of the Fort Jackson Station Hospital, Fort Jackson, SC”, 20 March 1944.

In addition, the promotion of antibacterial treatment began in 1928 when British
bacteriologist Alexander Fleming discovered penicillin, ushering in the “antibiotic era”. A
study on 25 cases of jungle typhus and murine typhus LAI between 1931 and 2000 revealed
that all 8 cases of mortality occurred before the invention of antibiotics [7]. In the first
40 years of the 20th century, some LAlIs were caused by pathologists and technicians during
the autopsy process. Even today, histopathologists and forensic pathologists cannot be
detached from clinical laboratory activities.

On 3 April 1901, in the laboratory of Dr. EG. Novy at the University of Michigan,
a student who was studying a culture of animal tissues was diagnosed with pulmonary
plague. The patient had not been vaccinated but received “protective serum” in the second
week of illness [8]. Fortunately, intervention was timely after exposure, and the patient was
cured despite the absence of specific drugs. Penicillin was not effective against plague, and,
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until the discovery of streptomycin in 1943, antibacterial treatment for plague began with
sulfa drugs in 1937. In 1947, a laboratory worker in Johannesburg, South Africa, working
with a culture of plague-infected tissues, developed symptoms. The doctor recommended
a high dose of streptomycin, the patient did not follow the advice and passed away three
days later. A postmortem examination confirmed a typical plague infection. A 45-year-old
woman had close contact with this patient three days before the onset of illness. The woman
started taking streptomycin and received sulfa drugs and two doses of plague bacterium
antiserum. She underwent penicillin treatment after a fever relapse and fully recovered
thereafter [8].

3. Establishing Initial Awareness of Protection (1948-1972)

With the accumulation of LAl reports, scientists have started to design targeted protec-
tive measures. In 1905, Robert Koch first proposed the design of biological safety cabinets
(BSCs) to protect workers from aerosol exposure. In 1919, Fricke published the first lab-
oratory safety manual in Germany, recommending the use of long-sleeved laboratory
protective clothing, no eating in the laboratory, and avoiding mouth pipetting. However,
the improvement of the actual situation often lags behind the formulation of ideas. In
1943, the first Class III BSC was created by Hubert Kaempf and later developed with the
introduction of high-efficiency particulate air (HEPA) filters. However, the “aerosol era” is
likely to come to an end due to the mandatory rather than voluntary use of BSCs, such as
the EU’s Council Directive on the Protection of Workers related to Exposure to Biological
Agents at Work, issued in 1990 [9].

As one of the most commonly used laboratory instruments today, the handling of
microbial suspensions in these devices, such as centrifuges, pipettes, and stirrers, used
for processing and analyzing infectious pathogens, can generate aerosols and potential
sources of infection. Insect-borne infections can also be caused by aerosol transmission
when pathogens are present in the respiratory secretions of infected individuals or animals.
An analysis of 66 papers covering the period of 1930-2008 on LAIs showed that 84%
of insect-borne virus infections were caused by microbial aerosols. Infected individuals
commonly had only basic personal protective equipment, such as masks, or even no
personal protective equipment at all, and the respiratory protection provided by masks
was limited. Collins C.’s book “Laboratory-acquired infections: history, incidence, causes
and prevention”, published in 1988, referred to the period of 1947-1966 as the “aerosol era”
of LAIs [3].

In a laboratory-acquired infection case of Western equine encephalitis virus (WEEV)
in 1940, a researcher’s facial oral and nasal mucosa were exposed to a high concentration
of chick embryo viral culture fluid and aerosols released due to a centrifuge accident. At
the time of the accident, the researcher was not wearing goggles or a protective face mask,
and he died from meningitis [10]. In 1924, American surgeon R.R. Spencer and others
transformed this highly fatal disease into a preventable, nonlethal form [11]. In 1941, a
virologist working with suspensions of Coxiella burnetii in egg yolk sacs in the laboratory
accidentally punctured the tip of his ring finger with a needle and syringe containing this
micro-organism. After applying iodine, he received a vaccination against Rocky Mountain
spotted fever (Lederle).

Numerous cases of LAI occurred in the 1940s during the outbreak of World War 1I,
when there were extensive efforts to develop scrub typhus vaccines to reduce infection
rates among the Allied forces in the Asian theater of war. In April 1943, an Australian
microbiologist developed a scrub typhus vaccine at the Walter and Eliza Hall Institute of
Medical Research in Melbourne. The obituary of this microbiologist stated that they were
one of several staff members at the institute who had been infected with murine typhus,
providing strong evidence for the lack of cross-immunity between murine typhus and
scrub typhus [12]. In 1951, Smadel emphasized the dangers of rickettsial research. He
noted that “perhaps the most important measure in preventing and controlling laboratory
infections is to raise awareness of the dangers among laboratory personnel and make them
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realize that minimizing the risk of infection through the adoption of proper techniques is
achievable” [13].

Symptoms do not always appear immediately after the exposure to infectious sub-
stances, so pathogenic microbiology laboratories usually provide health examinations.
After being transferred to the BCG department at the Danish National Serum Institute, a
researcher was supposed to undergo a lung examination every 3 months according to the
special agreement reached by the chest outpatient department. However, the researcher
did not adhere to this plan. In 1966, infiltration was first detected in his lungs, but no
anti-tuberculosis treatment was administered. Two weeks later, the lung lesions markedly
regressed. Subsequently, the researcher was diagnosed with pulmonary tuberculosis [14].

In August 1967, laboratory workers in Marburg experienced a sudden onset of high
fever, diarrhea, vomiting, massive hemorrhage, shock, and circulatory failure. This disease,
later known as Marburg hemorrhagic fever, was subsequently identified in Frankfurt and
Belgrade, with a total of 31 cases, including 7 fatalities. Among the 31 individuals, 25 were
infected through direct contact with monkeys in the laboratories that were contaminated
with the Marburg virus. The remaining 6 secondary infections included two doctors, a
nurse, an autopsy assistant, and a veterinarian’s wife, all of whom had close contact with
the primary patients. The doctors contracted the virus while drawing blood from infected
individuals. Three months later, German experts identified the pathogen as a new and
dangerous virus with a filamentous, rod-shaped structure, originating from monkeys in
Uganda. These monkeys were initially used for poliomyelitis vaccine research and were
transported to laboratories in Marburg, Frankfurt, and Belgrade.

On 1 March 1972, a 56-year-old veterinarian died of rabies infection. While working
in a commercial laboratory involved in the production of antiviral vaccines, he used a
kitchen blender to homogenize the brains of 11 goats infected with rabies. An investigation
revealed that, at the time, the patient may have been removed his mask and placed his
face directly above the blender for several minutes while transferring equal portions of
infectious homogenate into different containers [15].

4. Complex Risks and Human Errors in Laboratory Work (1973-2000)

In the 1970s, the occurrence of smallpox outbreaks in the UK and incidents of health-
care workers and LAIs related to kidney dialysis, including hepatitis, increased societal
attention toward LAIs. Within one year in 1970, 32 laboratories reported 127 cases of hepati-
tis, with the majority of infections occurring among technicians specializing in biochemistry
or hematology [16]. The rate of infection among biochemical technicians decreased from
the previous survey in 1970-1972, indicating an improvement in safety standards within
this profession [17]. Vaccination is the primary method for pre-exposure prevention. Even
with the strict adherence to biosafety protocols from 1971 to 1976, aerosols containing
infectious rickettsiae resulted in nine laboratory-acquired cases of Rocky Mountain spotted
fever (RMSF) among individuals who had received both primary and booster doses of the
RMSF vaccine. However, newcomers to the laboratory after 1971 did not possess immunity
to RMSF like the older individuals because the vaccination plan for low-risk personnel was
discontinued [18].

In 1974, CDC and the National Institutes of Health (NIH) introduced the Biosafety
Level (BSL) classification system, which categorizes laboratories based on the pathogenicity
of the micro-organisms they handle and the corresponding protective measures required.
The system comprises four levels: BSL-1 for handling non-pathogenic micro-organisms;
BSL-2 for moderately hazardous pathogens requiring the use of biosafety cabinets; BSL-3
for severe respiratory pathogens necessitating stringent air containment; and BSL-4 for
high-risk, lethal pathogens requiring completely sealed laboratories and the highest level of
protective equipment. This system provides clear guidelines for ensuring laboratory safety.
In 1975, the National Institutes of Health (NIH) in the United States established the world’s
first comprehensive document on biosafety called the “NIH Guidelines for Laboratory
Operations”. Under the leadership of the CDC and NIH, the first edition of “Biosafety
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History of LAI

in Microbiological and Biomedical Laboratories” (BMBL) was published in 1984. Since
1976, the incidence rate of LAls has been decreasing due to the improved identification of
known sources of exposure, increased awareness of biosafety principles among laboratory
personnel, enhanced regulatory capabilities, timely and accurate reporting, and advance-
ments in medical treatment [19]. In 1978, Pike reported a total of 258 laboratory-acquired
cases of typhoid fever, including 20 deaths. However, 97% of these cases and all deaths
were reported before 1955 [20]. A brief history of LAI research and governance is shown in
Figure 2.

1885 @ The first recorded LAI

A case of typhoid fever and was soon followed by cases of brucellosis, tetanus, cholera, diphtheria and
sporotrichosis.

Between 1885 and 1915, Kisskalt found 50 cases of typhoid fever, six of which were fatal.

Published by Fricke in Germany. It recommended the use of wraparound laboratory
gowns with long sleeves, no eating in the laboratory, the avoidance of mouth pipetti
ng and the decontamination of pipettes.

It was not until 1948 that stainless steel cabinets with a glass viewing front and an
exhaust fan were introduced and not widely used until the late 1960s.

195] @ The micropipette invented

research and

It was not until Heinrich Schnitger invented the micropipette that the Carlsberg

g overnance | pipette, which involved oral pipetting, was widely used in biological laboratories.

wn

1950-1960 @

Represented by four systematic studies on LAI by Pike and Sulkin.

1961-1970 @ A heightened public and legislative interest in LAls

A number of high-profile incidents of laboratory-associated outbreaks of serious
infections in the UK involving healthcare-associated workers and members of the
public occurred.

1974 @ (Classification of Pathogenic Microorganisms Based on Severity

Published by CDC and NIH. For the first time, biosafety laboratories have been divided into
four levels based on how dangerous their subjects are to humans.

1983~ @ Laboratory biosafety manual

‘WHO published the Laboratory Biosafety Handbook, which states that the actual risk for a given situation
is influenced not only by the biological agents being operated, but also by the procedures being performed
and the capabilities of the laboratory personnel.

Figure 2. Brief history of LAI research and governance.

The pathogenicity of many viruses that infect humans has been confirmed only after
studying LAIs, and a lack of understanding of the pathogens is one of the main reasons for
difficulties in prevention and treatments [21]. In 1978, a 26-year-old female scientist at the
German Virus Research Institute became the first documented case of human infection and
death from the Semliki Forest virus (SFV) strain [22].

Salmonella typhi is the causative agent of typhoid fever; the potential for lethal infec-
tions with S. typhi in clinical or teaching laboratories may not have been fully recognized.
Between 1977 and 1980, there was a sudden increase in laboratory-acquired typhoid fever
in the US, with 31 reported cases. At least 24 of those cases were attributed to teaching
purposes. This investigation led researchers to suggest allowing students to encounter
similar micro-organisms in a clinical laboratory setting [23].

The presence of mental disorders among researchers undoubtedly increases the risk
of LAIs due to their unpredictable behavior. On 24 February 1982, a 52-year-old female
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technical expert involved in veterinary vaccine production acquired brucellosis. There
were two outbreaks of brucellosis in her laboratory, and she refused testing for the disease.
She had a history of three years of personality disorder and urinary incontinence, with a
diagnosis of depression. While it cannot be completely ruled out that the brucellosis was
intentionally caused or self-injected, it is more likely that the infection occurred through air-
borne transmission, given the documented outbreaks in her laboratory [24]. The difference
in experience leads to varying levels of risk for laboratory personnel, which is why it is
crucial for labs to prioritize training and assessment of their workers. In 1986, six newborn
calves were infected with mouse-derived Cryptosporidium oocysts. A researcher enlisted
the help of five veterinary students, who were new to clinical research and did not have a
background in cattle farming, resulting in an infection incident [25].

As a result of accumulating cases of a specific LAI laboratory personnel often develop
routine post-exposure prevention protocols, but this consensus may not necessarily be the
optimal choice. In 1988, a laboratory technician, following an accidental inoculation inci-
dent, immediately received an intramuscular penicillin injection based on the recognized
post-exposure prophylaxis regimen. However, they still contracted leptospirosis. Another
technician encountered the same incident and received a doxycycline injection, resulting
in neither illness nor seroconversion. Consequently, a post-incident report recommended
the use of doxycycline for chemoprophylaxis following exposure as it proved to be more
effective in preventing leptospirosis [26].

Shortly after the introduction of a new technology or pathogen into the laboratory, re-
searchers may not fully appreciate the potential risks, resulting in potentially inappropriate
experimental procedures. For example, culture media specifically designed for non-surface
growth and maximum bacterial dispersion may facilitate the presence of micro-organisms
in extremely small droplets, which could penetrate deep into the lungs and cause infec-
tion [27]. The use of syringes and pipettes, due to the potential for splashing and spilling,
can generate aerosols [28]. In 1988, the incidence rate of acquired Mycobacterium tubercu-
losis infection in 77 tuberculosis laboratories in Germany, Austria, and Switzerland was
2.63 cases per 100 person-years, which is 100 times higher than the infection rate in the
general population. The risk is associated with the number of positive samples isolated by
technical staff each year and the lab’s shift system. Some laboratories have implemented
broth culture methods for diagnosing tuberculosis, leading to an increased infection rate of
6.74 cases per 100 person-years [29].

In 1994, an individual who had never traveled to Asia and had studied mycology
at the Pasteur Institute’s teaching building was infected with the Penicillium marneffei
fungus. Since 1956, over 150 cases of infection caused by this fungus have been reported in
individuals with human immunodeficiency virus (HIV) infection. Even a small inoculum,
such as a few fungal spores, could lead to symptomatic infection in individuals with under-
lying immune defects [30]. Inmunocompromised laboratory personnel need to exercise
extra caution when handling pathogenic micro-organisms, as this not only increases the
likelihood of infection among the personnel but also restricts the application of commonly
used interventions [31]. In 1997, a 30-year-old female laboratory technician accidentally ac-
quired cutaneous leishmaniasis caused by the amastigote form of the Leishmania mexicana
parasite through percutaneous inoculation. This occurred 8 months prior to the onset of
systemic lupus erythematosus (SLE), which subsequently required immunosuppressive
treatment [32].

In a review of exposure incidents from 1989 to 2002, only five cases of infection were
attributed to bioagent exposure. Vaccination (such as anthrax and yellow fever vaccines)
approved by the Food and Drug Administration (FDA) have contributed to a decrease in
LAls caused by these pathogens. Since 1990, some laboratories have also implemented safer
needle systems, resulting in a low annual frequency of needlestick injuries. The number of
LAIs has steadily declined since 1965. A UK-based study found that the annual incidence
of infections decreased from 82.7 cases per 100,000 people in 1988-1989 to 16.2 cases per
100,000 people in 1994-1995 [33]. This reflects the improved awareness of laboratory safety
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among personnel, the implementation of higher-level laboratory biosafety management,
and the increased efficacy of vaccines, which have gradually reduced some of the factors
that previously led to LAls. However, the complexity of experimental procedures and
research subjects has also introduced new hidden risks, with human errors becoming the
main cause of present-day LAISs.

Between 1971 and 2000, laboratory personnel were infected with pathogens such as
Rocky Mountain spotted fever, typhoid fever, Semliki Forest virus, brucellosis, cryptosporid-
iosis, Creutzfeldt-Jakob disease, leptospirosis, Mycobacterium tuberculosis, Penicillium
infection, and leishmaniasis. These incidents highlighted the importance of vaccination,
using attenuated strains, addressing the mental health of laboratory personnel, providing
professional training, assessing potential risks, chemoprophylaxis, and limiting the expo-
sure of immunocompromised individuals. These lessons have helped improve laboratory
safety management systems, enhancing the protective awareness and skills of laboratory
personnel. The third part of LAI cases’ information summary is shown in Table 1.

Table 1. LAI cases’ information summary.

Time Exposed Pathogen Cause of Occurrence Experience and Lesson

1971-1976 Rocky Mountain spotted fever Aerosol exposure Ge’? the Rocky.Mountam spotted fgver
primary vaccine and booster vaccine
Attenuated Salmonella typhi strains
1977-1980 Salmonella typhi Teaching accident were used to replace wild-type clinical
strains
1978 Semliki forest virus Unknown, host-specific factors -
1982 Brucellosis Unknown. Patient ha.s a men’Fal Pay atten.tlon to gpeaal
disorder; may be self-inoculating experimentalists
1986 Cryptosporidiosis Inexperlencecti. Eecal—oral Specialized training programs are
transmission available
1988 Creutzfeldt-Jakob disease Unknown Strengthen the assessment of potential
risks to laboratory personnel
1988 A leptospira Accidental inoculation Post-exposure Chemopprophylams with
doxycycline
1988 Mycobacterium tuberculosis Accidental inoculation Evalu.ate new technologies and plan
shifts and workloads properly
1994 Penicillium marneffei Unknown Strengther} protection 'fo'r persons with
immune deficiency
1997 Leishmaniasis Accidental inoculation Limit exposure to persons with
immunodeficiency
1998 Diplococcus gonorrhoeae Droplets splashing into eyes or Proper training

hand-eye contact

5. Ongoing Improvements and Emerging Recombinant Microbial Hazards (2001-2023)

In 2000, Harding and Byers conducted an analysis of 1267 cases of LAls that oc-
curred after 1978. The analysis indicated a significant decrease in LAls over the past
20 years [34]. In 2006, Harding and Byers conducted a statistical analysis and found a total
of 5527 reported cases of LAls in the literature, resulting in 204 deaths. They argued that
the lack of a centralized reporting system for infections and regular evaluation of staff
exposure risks makes it difficult to assess the actual occurrence of LAI events. Historically,
only 18% of LAls have been associated with specific accidents or incidents with known
sources of exposure [35].

As the research on high-risk but rare pathogens advances, the demand for diagnostic
laboratories familiar with such organisms becomes increasingly important. In 2002, a
43-year-old male patient died rapidly after being infected with laboratory-acquired tu-
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laremia. The patient’s healthcare facility failed to notify the microbiology and autopsy
departments of the suspected clinical information regarding tularemia, resulting in a delay
in the identification of the micro-organism, and 11 microbiology laboratory employees
as well as 2 staff members involved in the patient autopsy were exposed to the risk. It
is important to enable the quicker identification and isolation of bacteria for the refer-
ral to higher-level secure laboratories for final identification, thus improving laboratory
safety [36].

Laboratory animals should be procured in accordance with the national standards
and regulations outlined in GB14922.2-2011 [37], ensuring that they are free of Hantaan
virus. Furthermore, regular virus screening and testing should be conducted to detect
infected animals as early as possible. Despite the implementation of strict regulations and
standards, there was a reported infection incident in 2004 caused by a Wistar rat that was
infected at the time of purchase [38].

In November 2004, the Boston Public Health Commission (BPHC) received reports of
three cases of tularemia. Laboratory researchers suspected the presence of a live attenuated
strain (LVS) of Francisella tularensis, which was previously thought to be incapable of
causing human disease, in their work environment [39]. In October 2004, a case of ocular
vaccinia infection was reported in an unvaccinated laboratory worker in Philadelphia,
USA. The patient was an immunology graduate student who was born after the cessation
of routine smallpox vaccination in the early 1970s. Some institutions have eliminated
vaccine requirements due to the limited efficacy of available vaccines and the challenges in
maintaining consistent vaccination programs. For instance, as discussed in the context of
laboratory-acquired leptospirosis, traditional prophylactic measures such as penicillin have
shown limited effectiveness, leading to recommendations for alternative chemoprophylaxis
with doxycycline [40]. Consequently, there are no specific recommendations on the level of
preventive measures for individuals who are unvaccinated, highlighting the need for the
ongoing evaluation and adaptation of laboratory safety protocols.

The study of recombinant micro-organisms emerged in the latter half of the 20th
century, but the associated risks have not received sufficient attention. Some argue that
laboratory personnel have a lower likelihood of falling ill after exposure to recombinant
micro-organisms compared to non-recombinant ones, based on the characteristics of Es-
cherichia coli K12. The regulatory oversight of DNA recombinant materials has been under
the purview of the National Institutes of Health (NIH) in the United States from 1976 to
2010. In 2004, the first documented case of human exposure to recombinant raccoonpox
virus (RCN) occurred. Due to the partial cross-reactivity with vaccinia hemagglutinin
antigen in animals with RCN virus antibodjies, the lab considered administering a smallpox
vaccine to workers handling RCN [41]. Additionally, gain-of-function (GoF) experiments,
which involve altering micro-organisms to enhance their properties (such as increased
transmissibility or pathogenicity), have raised significant biosecurity and biosafety con-
cerns. These experiments necessitate stringent regulatory oversight and risk assessment to
prevent potential laboratory-acquired infections and broader public health implications.

In April 2004, a graduate student from a university in central Taiwan was infected with
local dengue fever serotype 1 while researching anti-bacterial protein genes in harassing
Aedes mosquitoes. The Department of Disease Control under the Ministry of Health and
Welfare believed that the improper design of the mosquito breeding area in the laboratory
failed to completely isolate virus-carrying mosquitoes from healthy mosquitoes. Addition-
ally, the entrance to the mosquito-handling room did not have double screens to prevent
dengue-virus-carrying mosquitoes from entering. After this incident was disclosed, the
laboratory immediately halted all related research, and authorities compiled the publication
“Guidelines for the Management and Operation of Invertebrate Laboratories” for all similar
laboratories in the region [42].

In April 2008, a 23-year-old microbiology student in Australia had been handling live
Vibrio cholerae during laboratory practical classes for four weeks. Two days before the
onset of symptoms, an open triangular flask containing approximately 300 mL of overnight
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culture of V. cholerae was accidentally knocked over, spilling the culture onto a nearby
laboratory shaker where the student had been working. As a result of this laboratory
incident, the laboratory replaced the shaker plate from one without clamps to a traditional
one with mechanical clamps [43].

In 2013, two pathologists in California contracted tuberculosis. Both individuals
had prepared frozen sections for a lung nodule that was removed due to suspected can-
cer. Subsequently, it was confirmed that the nodule was a tuberculoma infested with
Mycobacterium tuberculosis. As aerosolization of the TB bacilli is a common mode of
transmission for healthcare workers, caution must be exercised when using handheld
compressed gas coolants to freeze tissue sections. Extreme care should be taken if this
technique is employed [44].

In 2014, a male experimenter in a laboratory in Hisar, India sustained an accidental
cut on his right palm from fragments of a shattered ampoule while isolating BPXV strains
through freeze-drying. The glass ampoule was precooled to —80 °C, causing hairline cracks
in the glass, which subsequently ruptured when placed in the freeze-drying manifold.
Following this incident, the laboratory conducted a review of the freeze-drying process
and lowered the precooling temperature to —60°C. Measures were also taken to ensure the
use of higher-quality ampoules [45].

Between 2015 and 2017, the city of New York reported 11 confirmed cases of brucel-
losis, resulting in 10 instances of exposure to Brucella in clinical laboratories. In four of
the brucellosis incidents, matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) technology was used. However, this technique has limited
capabilities in identifying biological threat agents (BTAs). Clinical laboratories are required
to adhere to strict safety protocols, such as handling and manipulating all slow-growing
micro-organisms within a biosafety cabinet. MALDI-TOF MS technology should only be
used for identification purposes once the exclusion of all biological threat agents has been
confirmed [46].

In 2016, during routine experiments involving the production of HIV-1 pseudovirus,
a recombinant clone was mistakenly introduced into a BSL-2 laboratory. Although BSL-
2 labs are equipped with safety hoods and other protective measures, an infection still
occurred. The laboratory staff member, who was only supposed to handle noninfectious
vectors, inadvertently worked with a recombinant clone capable of producing infectious
particles. Previous research indicated that HIV-1 produced by VSV-G-infected cells could
generate phenotypically mixed virus particles with an expanded host range, potentially
containing both VSV-G and full-length HIV-1 genomes. This broader virus tropism and
increased infectivity could lead to accidental, unnoticed infections [47]. The incident
highlighted the critical need for stringent biosafety protocols and rigorous training to
prevent such occurrences.

China Animal Husbandry Group resulted in the formation of a bacterial aerosol
carrying fermentation fluid. During vaccine production, the prevailing winds in the area
were mainly southeast, blowing toward the Lanzhou Veterinary Research Institute, which
is located downwind from the biopharmaceutical factory. The factory was ordered to
conduct a comprehensive inspection and implement corrective measures, with a focus on
the brucellosis vaccine workshop. The brucellosis vaccine workshop was prohibited from
resuming production without prior acceptance by the industry regulatory authorities [48].

In November 2022, routine wastewater monitoring at the Bilthoven vaccine production
facility in Utrecht Science Park, the Netherlands, detected the presence of wild poliovirus
type 3 (WPV3) in a sample collected. This sample originated from an active WPV 3-infected
individual. Following detection, all employees who had contact with this wild poliovirus
strain were tested, and one employee was found to be infected and subsequently isolated.
The infected individual, who was asymptomatic, had received vaccination. However, they
resided in a community with a vaccination coverage of less than 90%. The production
facility had implemented biosecurity measures, although it remains unclear how the
employee was infected [49].
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Between 2001 and 2022, laboratory infection incidents involved pathogens such as
Francisella tularensis, hantavirus, buffalopox virus, recombinant raccoonpox virus, rubella,
Vibrio cholerae, Mycobacterium bovis, HIV-1 recombinant clone, and poliovirus. These
incidents highlighted several important lessons: incorporating the identification of highly
infectious pathogens into standard operating procedures, adhering to national standards
for purchasing laboratory animals, vaccinating or adopting higher levels of protective
measures, designing laboratories appropriately, improving equipment quality, and strength-
ening routine monitoring. A summary of LAI cases’ information in the fourth part is laid
out in Table 2.

Table 2. LAI cases information summary.

Time Exposed Pathogen Cause of Occurrence Experience and Lesson
Incorporate the identification of highly
2002 Francisella Toula Potential exposure infectious agents into standard op e?atlr}g
procedures and strengthen communication
between doctors and laboratories
2004 Hantavirus Infected Wistar rats were used Purchase animals with njatlonal standards
and regulations
2004 Francis tularensis Coculture of different viruses Proper security
occurs
2004 Vaccinia virus Aerosol exposure or hand-eye Get vaccinated or tak.e higher levels of
contact protection
2004 Recombmar}t raccoon pox Accidental inoculation Use biphasic 'medl'a and av01.d direct
virus contact with micro-organisms
2004-2005. Rubella ovis Aerosol exposure Post-exposure chemopProphylax1s with
doxycycline
2004 Dengue fever Mosquito bite Rational laboratory design
2008 Vibrio cholerae Stick-on foot pads; the new §haker Use a tradltlon:fll shaker pan with
causes the culture to spill mechanical clamps
2010 Vaccinia virus The environmentis chaotic; Laboratory rectification
different viruses co-culture
2013 Bacillus tuberculosis Aerosol exposure caused by the use Use this technique with extreme caution
of compressed gas coolants
2014 BPXV isolates Ampule ru.pture a.t low . Use better-quality ampoules and plan your
temperature; accidental inoculation response
2015-2017. Brucella Did not know there wasa risk; a Strengthen communication
lack of protection
Unknown. Pathogen was . .
2016 Recombinant cloning of HIV-1 accidentally introduced to the Attentlo'n. should be p %ld to the
pathogenicity of recombinant virus
BSL-2 lab
2019 Brucella . Exhaust gas sterilization is Complete rectification
incomplete; aerosol exposure
2022 Poliovirus Unknown, presumed aerosol, or Strengthen routine monitoring

ingestion exposure

6. Discussion
6.1. Four Periods of LAIs" Historical Evolution

This study mainly divides the historical evolution of LAIs into four distinct peri-
ods, each characterized by different factors, including laboratory environment, researcher
awareness, techniques used, protective and therapeutic measures, and study subjects. The
schedule of LAI historical periods is shown in Figure 3.
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1957 Invented micropipette.

1955-1974 8 cases of lab-acquired typhoid fever

2009 Needle-stick Lassa virus infection,
prevented by vaccination.

2008 Shaking incubator caused Brucella
infection.

2004-2005 Brucella aerosol exposure in large
bio-lab.

2004 Laboratory mosquito bite infection
causing dengue fever.

2004 First human exposure to
recombinant raccoonpox virus.

worldwide. 1988 Tuberculosis infection rate in labs 100x 2004 Ocular vaccinia infection in an

higher than general population. unvaccinated laboratory worker.

1947 Pneumonic plague cured with sulfonamides and antibiotics. 1988 Accidental syphilis infection during 2004 Infection with a vaccinia strain

vaccination. leading to type A immune deficiency.

1943 The prototype of the first Class Il 1988 Lab infection with Creutzfeldt-Jakob disease. 2004 Laboratory-acquired infection

biological safety cabinet. with MRSA.

1943 Death from scrub typhus via needle. 1987 Untreated Simian B virus, death from 2004 Hantavirus from Wistar rats.
monkey scratch.

191516023 L‘:,;T‘:)?:Z::i%? 1941 Spotted fever from sharp injury and 1986 Inexperienced intern contracted 2003 SARS-CoV from West Nile virus samples.
4 inhalation. toxoplasmosis.

1901 Pneumonic plague from smoking, cured 1940 Centrifuge accident, encephalitis 1982 Inexperienced intern 2002 Delayed identification, Brucella exposure.
with serum vaccination. infection and death. contracted toxoplasmosis.

1960s

: oy 3 1966 Tuberculosis worsened by irregular
1928 Entering the "Antibiotic Era" checks.

1937 Treatment with sulfonamide drugs. 1971-1976 Aerosols cause Rocky Mountain
spotted fever LAls.

1972 Mask removed, rabies and distemper
infection.

1977-1980 Surge in sexually transmitted typhoid fever cases in U.S.
labs, linked to educational activities.

1978 First SFV infection.

1978-1979 Increase in lab-acquired typhoid fever.

Oral pipetting Aerosols and

1990 Inhalation of aerosolized Chlamydia © 2010 Improper storage, cowpox infection.
pneumoniae

1994 Malassezia furfur infection in HIV

patients. 2013 Compressed gas aerosol, tuberculosis

infection.
1997 Leishmaniasis from contact in lupus patient. ¢
2014 Glass ampoule break, BPXV infection.

1998 Gonococcal conjunctivitis from eye

contact. . . .
2015-2017 Delayed clinical notification, Brucella

infection.

2015-2017 Recombinant HIV in BSL-2 lab, infection.

2019 Inadequate decontamination, Brucella aerosol
spread.

Risks become Risks from
complex, with recombinant

inoculation are
-+ infections are ~————— human errors being microorganisms are

the main risk

common factors

Figure 3. LAI historical period schedule.

significant gradually emerging
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During the first period of LAls, laboratory activities were in their early stages and
there was a lack of awareness and treatment protocols regarding protection. Cases of
infection through oral ingestion were common. The lab was poorly equipped for a long
time, with no protective equipment. Practices such as eating, smoking, and oral pipetting
led to significant exposure. The lack of treatment drugs and vaccines poses challenges,
but prompt treatment can cure some severe infections. For example, some plague patients
recovered after receiving injections of a protective serum. Over time, self-protection mea-
sures such as face masks, pipettes, and bio-security cabinets have been gradually optimized
and promoted.

The second period of LAls began with the invention and application of experimental
instruments and equipment, such as high-speed centrifuges. Researchers are beginning
to build an initial awareness of protection, with aerosols and injections being the main
risk factors. Aerosol exposure has resulted in cases of infection with pathogens such as
tuberculosis and Rocky Mountain spotted fever, and even rabies. However, the treatment
of pathogen infections in humans has entered the antibiotic era, with various vaccines
being developed, and significantly improved post-exposure prophylaxis capabilities.

In the third period of LAls, the experimental activities become more diverse, the risks
more complex, and there are significant human errors. Since 1978, LAlIs have decreased
significantly due to improved laboratory regulations, increased awareness of conservation,
and equipment optimization. However, as laboratory and personnel sizes expand, work
intensities increase, modern technologies are applied, and research subjects become more
complex, laboratory workers face increasingly complex risks, including prominent human
factors. Many inexperienced individuals, those at risk of host-specific immunity, and even
those with mental disorders engage in pathogen-related work, leading to cases of previously
unrecognized pathogens such as hantaviruses and Epstein—Barr virus infections. Some labs
have stopped preventive vaccinations for diseases such as cowpox and Salmonella typhi,
resulting in a secondary increase in LAls from certain pathogens.

In the fourth period of LAls, laboratory safety protection and intervention continue to
be optimized, with the threat from recombinant micro-organisms increasing. In the 21st
century, studies have shown a significant decrease in LAlIs due to improved equipment
and technology. However, with advances in recombinant micro-organism technology and
synthetic biology, LAls caused by natural pathogens such as recombinant raccoonpox virus
and recombinant HIV-1 clones have been reported. Cases of the mismanagement of sample
handling and cultivation of different viruses have been observed due to the expansion of
laboratory scales and the diversity of subjects.

6.2. Scientific Attribution of Biosafety Risk Assessment

Representative risk factors in the historical development of LAls in the technological
domain are now considered key core factors for risk assessment in modern laboratory
biosafety systems. The “Laboratory Biosafety Manual” (LBM) published by the WHO, the
Biosafety Management Level (BMBL), and the Biosecurity Law of the People’s Republic
of China (BLPRC) all emphasize the need to strengthen the management of biosafety in
laboratories handling pathogenic micro-organisms. The fourth edition of the 2020 LBM
comprehensively addresses the 13 major risk factors that contribute to overall risk in
biological labs. These factors align with the scientific context and evolution of LAI's
historical development (Figure 4). They include considerations of the characteristics of
the micro-organisms being handled, such as the concentration and volume of potentially
infectious substances, the infectious dose of biological agents, the transmissibility of the
biological agents, the severity of infection, the stability of the biological agents in the
laboratory and external environment, and the local prevalence of the biological agents
among the population. In addition, the manual highlights potential hazards related to
operating procedures and the behavior of personnel.
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ical Report Penicilli t D f
1cal Reports Pulmonary Tuberculosis Brucellosis in &:ﬁefl;?l leischl:niie;::iss in see::)gt;;e elvielelr Cholera in Buffalopox Brucellosis  Poliovirus Type 3 in
Risk Factors Plague in 1901 in 1966 1982 s in 1994 1997 2004 2008 Virus in 2014 in 2019 2022

Local availability of received
effctive prophylaxis “rotective health checkis  refused testing immunosuppressive isolated and received
or therapeutic pserum” not compliant  for the disease treatment vaccination

interventions

Endemicity of the a community with
biological agent in vaccination coverage
the local population of less than 90%

Figure 4. Risk factors reflected in typical LAl reports. Infectious dose of the biological agent, communicability of the biological agent, severity of infection with the
biological agent, range of hosts of the biological agent and Stability of the biological agent in the laboratory and external environment are related to the nature of
pathogen. References are [8,14,24,30,32,42,43,48,49].
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The risks associated with laboratory activities representing different stages of LAI
development are adequately reflected in this study. Activities such as pipetting, centrifuga-
tion, and the use of sharp objects regularly expose laboratory personnel. As technology has
advanced, different risk factors have emerged. For example, aerosols can be generated by
the manual compression of a gas coolant to facilitate pathological slicing, and advanced
cryogenic techniques require more intense glass equipment. The competence of the per-
sonnel involved in the performance of the task is an issue that manifests itself early on, as
violations and non-compliance with medical treatment instructions can result in delayed
treatment and even death. Problems with sample management, the cultivation of viruses,
and human errors became major concerns as the laboratory scale grew. Another effect of
the expansion of laboratory scales is the increased involvement of high-risk individuals
in laboratory work, whose sensitivity becomes an individual risk factor to be considered.
Take the case of the first human SFV infection and the case of an HIV patient infected with
Malassezia furfur as lessons learned. The lack of cross-immunity to a source pathogen in
individuals already exposed to a particular pathogen highlights the importance of studying
the host range of biological agents, such as potential zoonotic diseases. In addition, as
laboratory biosafety increasingly relies on equipment and facilities, failure to implement
these protections can result in large-scale exposures that can even affect the surrounding
community and environment.

Additionally, documents such as the LBM, the Biosafety Management Level (BMBL),
and the Biosecurity Law of the People’s Republic of China highlight factors that pose
potential risks of LAls even if they have not yet manifested. For instance, LBM mentions
the review of novel biological agents. The Canadian Biosafety Handbook (2nd Edition)
discusses biotechnology, which involves the creation of transgenic organisms by inserting,
deleting, replacing, or altering genes or gene fragments. The technique could be used to
create new disease-causing organisms or enhance the virulence of existing ones. In cell
lines and cell cultures, growth conditions (such as pH, temperature, and culture media
supplements) can lead to changes in the expression of oncogenes, latent virus expression,
interaction between recombinant genomic fragments, or alterations in cell surface protein
expression, thus introducing additional risks. The Biosecurity Law of the People’s Republic
of China emphasizes that relevant departments of the State Council shall trace and evaluate
biotechnology application activities in accordance with the law.

7. Summary

This paper takes a historical approach, presenting historical context, providing detailed
descriptions of real-world cases, and summarizing commonalities among iconic cases at
different stages of development. It identifies the four stages of development and their
main characteristics by analyzing the scientific and conceptual risks associated with LAlIs.
The development of LAIs has been intertwined with advances in biological experimental
techniques, ideas, and protective measures, and has also been influenced by societal factors
and healthcare standards. A study of the technological history of LAls reveals typical
cases and the evolution of risk factors in laboratory biosafety, and how it has evolved into
an innovative theory for constructing a modern framework for risk assessment in this
area. The evolution of LAI serves as a microcosm of the dual nature of technology, as
humanity explores the unknown while also exposing itself to risks, gaining breakthroughs
and facing new challenges. In response to increasingly complex and dangerous LAI
incidents, more effective response measures have emerged. Behind what is now considered
standard theoretical knowledge lies the experience gained through the painstaking efforts
of previous researchers. Thus, the evolutionary history of LAls is of scientific interest and
merits further investigation.
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