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Human Chimerism: A Systematic Review of Mechanisms, Cases, and Clinical
Implications

Abstract

Human chimerism represents a fascinating biological phenomenon where an individual
harbors genetically distinct cell populations originating from different zygotes or external
sources. This systematic review examines the various forms of human chimerism, their
underlying mechanisms, documented cases, and clinical implications. Through
comprehensive analysis of published literature, we identify four primary categories: natural
chimerism (including twin-twin transfusion and maternal-fetal microchimerism), artificial
chimerism (transplantation-induced), blood chimerism, and tetragametic chimerism. The
review highlights the diagnostic challenges, forensic implications, and therapeutic
considerations associated with chimeric conditions. Our findings demonstrate that chimerism,
while rare, has significant implications for medical practice, legal proceedings, and our
understanding of human biology.
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Introduction

Human chimerism, derived from the Greek gythological creature Chimera—a fire-breathing
hybrid of lion, goat. and serpent—describes the presence of genetically distinct cell
populations within a single individual.(1,2,3) Unlike genetic mosaicism, which arises from
mutations within a single zygote, chimerism involves the coexistence of cells from multiple
genetic origins. This phenomenon challenges traditional concepts of genetic identity and has
profound implications for medicine, forensics, and reproductive biology.(4.5)

The recognition of human chimerism has evolved significantly since the first documented
case in 1953 (6). Initially considered an extremely rare curiosity, advances in molecular
genetics and immunological techniques have revealed that various forms of chimerism are
more prevalent than previously understood. (7)Maternal-fetal microchimerism, for instance,
is now recognized as a nearly universal phenomenon during pregnancy (2, 8).

The clinical significance of chimerism extends beyond academic interest. Chimeric
individuals may present diagnostic challenges in paternity testing, organ transplantation
compatibility, and forensic identification. Furthermore, understanding chimerism mechanisms
has implications for regenerative medicine, autoimmune diseases, and cancer research.




This systematic review aims to comprehensively examine the current understanding of
human chimerism, categorize its various forms, analyze documented cases, and discuss the
clinical and forensic implications. We also address the methodological approaches used in
chimerism detection and the challenges faced in diagnosis and management.

Methodolo
gy

Search Strategy

A comprehensive literature search was conducted using multiple databases including
(BnbMed, Scopus, Web of Science, and Google Scholar. The search strategy employed both
Medical Subject Headings (MeSH) terms and free-text keywords. Primary search terms
included: "human chimerism,” "genetic chimerism," "microchimerism,” "tetragametic
chimerism,"” "twin chimerism," "transplant chimerism," and "blood chimerism."

Inclusion and Exclusion Criteria
Inclusion Criteria:

o Peer-reviewed articles published in English

« Case reports, case series, and original research studies

« Studies involving human subjects

« Articles published between 1953 and 2024

« Studies with clear documentation of chimerism confirmation
Exclusion Criteria:

* Animal studies without human relevance

* Review articles without original data

» Conference abstracts without full-text availability

» Studies with insufficient methodological detail

« Non-English publications without available translations
Data Extraction and Analysis
Data extraction focused on the following parameters:

« Type of chimerism

o Detection methods employed

« Clinical presentation

« Genetic analysis results

+ Follow-up outcomes

« Implications for medical practice

uality Assessment




Study quality was assessed using adapted criteria for case reports and observational studies,
evaluating factors such as completeness of clinical information, adequacy of genetic testing,
and clarity of chimerism documentation.

Results and Discussion
Classification of Human Chimerism

Based on our systematic analysis, human chimerism can be categorized into four primary
types: (9,10,11)

Natural Chimerism

Twin-Twin Transfusion Syndrome (TTTS) Chimerism Twin-twin transfusion represents one
of the most well-documented forms of natural chimerism (12). This condition occurs in
monochorionic twin pregnancies when vascular anastomoses allow blood exchange between
fetuses. The resulting chimerism can be transient or permanent, affecting various tissue types.

The meghanism involves shared placental circulation, leading to unequal blood distribution
(5.,13). The donor twin typically becomes anemic and growth-restricted, while the recipient
twin may develop polycythemia and cardiac complications. Long-term studies have revealed
that some individuals retain chimeric blood cells into adulthood, creating diagnostic
challenges in genetic testing and paternity determinations (14).

Maternal-Fetal Microchimerism Maternal-fetal microchimerism represents the most common
form of human chimerism (8, 15,16,17). During pregnancy, bidirectional cell trafficking
occurs across the placental barrier, with fetal cells entering maternal circulation and vice
versa (15). These cells can persist for decades, potentially influencing immune responses and
disease susceptibility (16, 18).

Fetal microchimerism in mothers has been associated with both protective and pathogenic
effects (11,19). Some studies suggest reduced incidence of certain cancers, while others
implicate fetal cells in autoimmune disease development (13, 20,21). Conversely, maternal
microchimerism in offspring may influence immune development and transplant tolerance
(12, 19).

Artificial Chimerism

Transplantation-Induced Chimerism Solid organ transplantation and hematopoietic stem cell
transplantation (HSCT) create artificial chimeric states (22-30). In solid organ
transplantation, donor-derived cells may persist in recipient tissues, while in HSCT, the goal
is to establish donor-derived hematopoiesis.

Mixed chimerism following HSCT presents unique challenges, as incomplete donor
engraftment may lead to immune complications or disease relapse. Monitoring chimerism
levels through molecular techniques has become standard practice in transplant medicine
(30).

Blood Transfusion Chimerism While typically transient, blood transfusions can create
temporary chimeric states (14). In immunocompromised individuals or those receiving
multiple transfusions, donor cells may persist longer than expected, potentially affecting
genetic testing results.




Tetragametic Chimerism

Tetragametic chimerism results from the fusion of two genetically distinct embryos during
early development (23,26, 29). This rare condition produces individuals with two distinct
genetic lineages throughout their body. The distribution of different cell lines can vary
significantly, affecting various organs and tissues unpredictably (9).

Parthenogenetic Chimerism

This extremely rare form occurs when parthenogenetic activation of an oocyte is followed by
fertilization, resulting in an individual with both parthenogenetic and fertilization-derived cell
lines (21).

Detection Methods

Cytogenetic Analysis

Traditional karyotyping can detect chimerism when different cell lines have distinct
chromosomal compositions, particularly useful in sex chromosome chimerism cases (7).

Molecular Genetic Techniques

Short Tandem Repeat (STR) Analysis STR analysis remains the gold standard for chimerism
detection, capable of identifying mixed genetic profiles and quantifying the proportion of
different cell populations (29).
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Single Nucleotide Polymorphism (SNP) Arrays High-density SNP arrays provide
comprehensive genome-wide analysis, detecting subtle forms of chimerism and determining
the extent of genetic mosaicism (24).

Next-Generation Sequencing (NGS) NGS technologies offer unprecedented sensitivity in
detecting low-level chimerism and can identify novel forms of genetic mosaicism.

Flow Cytometry

Flow cytometric analysis can detect chimeric populations based on cell surface markers,
particularly useful in hematopoietic chimerism monitoring.

Case Studies and Clinical Presentations

Case 1: Forensic Identification Challenge

A 45-year-old woman presented a complex forensic case when DNA analysis of different
tissue samfges yiclded conflicting results during a paternity dispute. Buccal swab analysis
suggested she was not the biological mother of her children, while hair follicle DNA
confirmed maternity. Further investigation revealed tetragametic chimerism, with different
genetic lineages present in her oral mucosa and hair follicles (29).

This case highlighted the importance of multiple tissue sampling in genetic analysis and the
potential for chimerism to complicate legal proceedings. The resolution required extensive
genetic counseling and additional family members' DNA analysis to establish the true genetic
relationships.

Case 2: Transplant Compatibility Issues




A 32-year-old male requiring kidney transplantation presented with unusual HLA typing
results that initially suggested laboratory error. Multiple testing revealed the presence of two
distinct HLA haplotypes in different tissues, indicating tetragametic chimerism (25). This
discovery necessitated careful donor selection and modified immunosuppressive protocols.

The patient's successful transplantation with appropriate immunological management
demonstrated the importance of recognizing chimerism in transplant medicine and adapting
treatment protocols accordingly.

Case 3: Maternal Microchimerism and Autoimmunity

A 28-year-old woman gfyeloped scleroderma five years after her first pregnancy.
Investigation revealed significant levels of fetal microchimerism in her affected mn tissues
(13). While causation could not be definitively established, the case contributed to
understanding the potential role of microchimerism in autoimmune disease development.

Case 4: Twin Chimerism Discovery

A pair of dizygotic twins underwent genetic testing for a family history of hereditary cancer.
Unexpectedly, both twins showed identical genetic profiles despite being clearly dizygotic
based on phenotypic differences. Further investigation revealed extensive blood chimerism
resulting from twin-twin transfusion syndrome during fetal development (26).

This case demonstrated that chimerism could persist into adulthood and significantly impact
genetic risk assessment and screening protocols.

Case 5: Post-Transplant Monitoring

A 15-year-old patient who received allogeneic bone marrow transplantation for acute
lymphoblastic leukemia showed fluctuating chimerism levels during follow-up. Mixed
chimerism patterns necessitated careful monitoring and therapeutic adjustments to prevent
graft rejection and disease relapse.

The case illustrated the dynamic nature of transplant-related chimerism and the importance of
long-term molecular monitoring in transplant recipients.

Clinical Implications

Diagnostic Challenges

Chimerism presents significant diagnostic challenges across multiple medical specialties. In
reproductive medicine, maternal microchimerism can complicate non-invasive prenatal
testing results (28). In oncology, mixed chimerism may mask minimal residual disease
detection. In transplant medicine, understanding chimerism dynamics is crucial for graft
monitoring and immunosuppressive management (30).

Forensic and Legal Implications

The forensic implications of chimerism are profound, particularly in paternity testing,
criminal investigations, and mass disaster victim identification. Standard DNA testing
protocols may yield misleading results in chimeric individuals, necessitating modified testing
approaches and expert interpretation.




Therapeutic Considerations

Understanding chimerism mechanisms has therapeutic implications, particularly in
regenerative medicine and immunotherapy. Induced chimerism strategies are being explored
for transplant tolerance induction and autoimmune disease treatment.

Future Directions

Emerging technologies continue to enhance our ability to detect and characterize chimerism.
Single-cell sequencing technologies promise to provide unprecedented insights into chimeric
cell distribution and behavior. Additionally, the development of chimerism-based therapeutic
strategies may revolutionize treatment approaches for various diseases.

Limitations

This review acknowledges several limitations. The rarity of many chimeric conditions limits
the available case data and prevents comprehensive statistical analysis. Publication bias may
favor unusual or clinically significant cases over routine chimerism instances. Additionally,
the evolving nature of detection technologies means that historical cases may not reflect
current diagnostic capabilities.

Conclusion

Human chimerism represents a complex and clinically significant phenomenon that
challenges traditional concepts of genetic identity. This systematic review has identified four
primary categories of chimerism, each with distinct mechanisms, clinical presentations, and
implications. The documented cases illustrate the diverse manifestations of chimeric
conditions and their impact on medical practice, forensic investigations, and legal
proceedings.

Key findings include the recognition that chimerism is more prevalent than historically
appreciated, particularly in the form of maternal-fetal microchimerism. The diagnostic
challenges posed by chimeric conditions necessitate awareness among healthcare providers
and the development of appropriate testing protocols. Furthermore, the therapeutic potential
of understanding chimerism mechanisms offers promising avenues for future medical
advances.

The forensic implications of chimerism cannot be overstated, as standard DNA analysis
protocols may yield misleading results in chimeric individuals. This necessitates the
development of specialized testing approaches and expert interpretation capabilities within
forensic laboratories.

Future research should focus on developing more sensitive detection methods, understanding
the long-term health implications of various chimeric states, and exploring therapeutic
applications of chimerism mechanisms. Additionally, educational initiatives are needed to
increase awareness of chimerism among healthcare providers, legal professionals, and
forensic scientists.

As our understanding of human chimerism continues to evolve, it becomes increasingly clear
that this phenomenon represents not merely a biological curiosity, but a fundamental aspect
of human biology with significant implications for medicine, law, and society.
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