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Organ transplantation stands as a pivotal achievement in modern medicine,
offering hope to individuals with end-stage organ diseases. Advancements in
immunology led to improved organ transplant survival through the development
of immunosuppressants, but this heightened susceptibility to fungal infections
with nonspecific symptoms in recipients. This review aims to establish an
intricate balance between immune responses and fungal infections in organ
transplant recipients. It explores the fundamental immune mechanisms, recent
advances in immune response dynamics, and strategies for immune modulation,
encompassing responses to fungal infections, immunomodulatory approaches,
diagnostics, treatment challenges, and management. Early diagnosis of fungal
infections in transplant patients is emphasized with the understanding that innate
immune responses could potentially reduce immunosuppression and promise
efficient and safe immuno-modulating treatments. Advances in fungal research
and genetic influences on immune-fungal interactions are underscored, as well
as the potential of single-cell technologies integrated with machine learning for
biomarker discovery. This review provides a snapshot of the complex interplay
between immune responses and fungal infections in organ transplantation and
underscores key research directions.

KEYWORDS
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Introduction

Significant breakthroughs in organ transplantation are one of the key advancements of
modern science. Organ transplantation is presently the most sustainable and cost-effective
therapeutic option for end-stage organ diseases and failure, thereby most likely the only
chance for the patient’s survival. The continuous struggle to decipher immune responses
upon transplantation and infection has been pivotal in the clinical application of organ
transplantation (1). Milestones in the field of transplantation have been achieved through a
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long-convoluted path, from its inception in mythology to gradual
reality. Initial accounts of organ transplants of bone, skin, and heart
can be traced back to ancient mythologies of Greece, China, and
Rome. In 1550 BC, there were reports of a historical attempt of skin
grafts to treat burns (2), which led to the first human kidney
transplant in 1933 by a Ukrainian surgeon U.U. Voronoy. Due to
an insufficient understanding of the immune system, the
transplanted kidney could not produce urine, and the patient
survived for only two days (3). In 1954, the American surgeon
Murray performed a kidney transplant in monozygotic twins, where
the recipient survived for eight years with normal kidney
function (4).

Subsequently, advancements in immunology played a vital role in
developing immunosuppressants, which greatly improved the
survival of organ transplants. AZA (Azathioprine) was developed
first to inhibit lymphocyte proliferation by inhibiting DNA, RNA,
and protein synthesis via purine antagonism. Consequently, AZA was
an immunosuppressive drug to lower organ rejection for the first
successful cadaveric kidney transplant (5, 6). CsA (Cyclosporine A)
was synergistically used with glucocorticoid and showed promising
results in raising the survival of recipients to one year, particularly for
kidneys (95%) and liver (75%) transplants (7-9). Consequently, other
immunosuppressive drugs were approved for liver-kidney and kidney
transplantation, including FK506 (Tacrolimus) and Rapamycin,
which demonstrated promising therapeutic potential with
improved recipient tolerance (10).

Even nowadays, the main challenge in organ transplantation is
the increasing demand for organ transplants, which outstrips the
supply. Several strategies have been explored to tackle this issue,
including extended criteria grafts, machine perfusion for organ
preservation of initially inferior quality, living donors, and
bioprinting (11-13). Another path rapidly explored is the creation
of organoids mimicking solid organs in regenerative medicine, which
is still evolving (14, 15). Xenotransplantation emerged as a promising
field to reduce the waitlist for organ transplants. In 1964, Dr.
Reemtsma was able to successfully xenotransplant a baboon
kidney, where the patient survived for nine months with
immunosuppression drugs (16). Xenotransplantation is presently
the leading technology that underwent a qualitative leap in 2013 with
CRISPR/Cas9 genome editing technology. CRISPR/Cas9 has enabled
multiple, efficient modifications in the animal genome to overcome
rejection and facilitate immune and coagulation processes in
recipients. Challenges associated with xenograft rejection include
standardizing predictive markers such as CD3, CD4, and CD8 and
those related to cellular injury (17). The report for the first clinical
trial has demonstrated that specific immunological routes should be
developed apart from gene editing tools to ensure
xenotransplantation is achieved (18). The outcome of further
human clinical trials using xenotransplants will soon shed light on
selecting recipients for a xenotransplant and elucidate optimal
immunosuppression regimens for tolerance and long-term survival.

The success of organ transplantation was intrinsically woven with
advances in understanding the immune responses at the molecular
and cellular levels. The application of immunosuppressant drugs
improved organ rejection and optimized patient survival. Due to the
imposition of immunosuppressive regimens, organ recipient exhibits
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heightened vulnerability to fungal infections during the initial six
months following transplantation. Systemic fungal infections in these
recipients manifest with nonspecific clinical symptoms. Timely
detection of fungal infections is imperative to ensure appropriate
therapeutic interventions, enhancing patient survival rates and
mitigating mortality. The most frequently documented fungal
agents include Candida spp. and Cryptococcus spp., while
filamentous fungi notably comprise Aspergillus spp (19). Within the
human host, certain dimorphic fungi, such as Coccidioides posadasii,
Coccidioides immitis, Blastomyces dermatitidis, and Histoplasma
capsulatum, exist predominantly in the yeast form (20). Among
organ transplant recipients, histoplasmosis accounts for
approximately 5% to 9% of fungal infections, with the occurrence
among kidney transplant recipients after 2 to 5 years post-
transplantation estimated at 0.1% to 0.3% (1, 21-23).

This review aims to present a comprehensive and in-depth
analysis of the intricate interplay between immune responses and
fungal infections observed in organ transplantations. The study
systematically investigates the fundamental immunological
mechanisms governing infections, highlights recent advancements
in our comprehension of immune response dynamics, and conducts a
rigorous evaluation of strategies employed for immune modulation.
The review mainly addresses the mechanism of immune responses
against fungal infection in organ transplantation, along with
immunomodulatory approaches, diagnostic methods, treatment
modalities, challenges, and management strategies.

Immune responses in organ transplant

Immune system in organ transplant-
modulation, signaling, and activation

The immune system’s role is to detect, protect, and destroy
foreign invaders and abnormal cells. The immune system consists of
a complement system and innate and adaptive immunity. In the
immune response reaction, innate kick-starts within 24 hours after
transplantation (24). Immune responses result in organ rejection,
where innate and adaptive immune cells employ different cascades to
reject the transplant. The innate immune system identifies PAMPs
(pathogen-associated molecular patterns) and DAMPs (damage-
associated molecular patterns) of antigens as non-self leads to
immune system activation. PAMPs are conserved components
distinctive to microbes and are absent in the human body. APCs
(Antigen-presenting cells) have unique PRRs (pathogen recognition
receptors) that, upon binding PAMPs, lead to events that stimulate
cytokine release and activate the complement system, destroying the
pathogen via phagocytosis (Figure 1).

Surgical trauma and IRI (ischemic-reperfusion injury) are
events in organ transplantation associated with tissue damage
whereby IRI cells in the donor organ undergo apoptosis, necrosis,
and ferroptosis, leading to the release of DAMPs (25-27). During
IRI and apoptosis, HSP (heat shock proteins), HMGB-1 (high
mobility group box protein-1), and hyaluronan are secreted (25,
28), bind to TLR, which activate the dendritic cells (DCs), release of
cytokines, and recruitment of other immune cells, like macrophages

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1292625
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Elalouf et al. 10.3389/fimmu.2023.1292625
Glycolipid N-mannan
~ PB-Glucan .
B-Glucan T'—' .
Mannans | 4
Yv - - ! TLR1/2/4
— sk
.TR“: / \ Dectin-1
W RAka PKCS 1 & \ T
| : . Ca2+ L_r*Inflammasome Mincle
" : P Il
~"TRAF3 | . l 1
: TAK1 B MAPK Active DC-SIGN
e : Calcineurin caspase“;j
A . l \
IRF3 :
v 1 ProlL-1B 1B L1
1 NFAT ProIL-187 118 _Feenon 118
AP1 /
NEKB
\ IRF3 Ll |
FIGURE 1

Signaling cascades activated in innate cells upon recognizing fungal comp

onents. Fungal PAMPs lead to the signaling of TLRs via MyD88, which

orchestrates the activation of NFKB and MAPKs, resulting in antifungal action. CLRs (dectin-1, DC-SIGN, Mincle) via Syk activate the calcineurin-NFAT
signaling cascade and ROS (reactive oxygen species) production. Furthermore, it leads to inflammasome activation, which promotes maturating of

caspase 1. Caspase 1 induces the generation of active forms of cytokines |

and neutrophils at the site of inflammation (29). This reaction leads
to high inflammation at the site of organ transplant (26, 29). In lung
transplant, it has been shown that neutrophils infiltrated the organ
upon transplantation and interacted for 7 minutes with donor graft
resident DCs, whereby the donor DCs possibly upregulated IL-2
expression and MHCII (Major histocompatibility complex II) (24).
Danger signals also contribute to another phenomenon called
trained immunity, which corresponds to memory responses and
plays a significant role in the outcome of organ transplants.
Allograft infiltrating macrophages express TLP-4 and dectin-1
and recognize HMGB-1 and vimentin, respectively. Apoptotic
cells’ surfaces have vimentin, which trains the infiltrated
macrophages upon recognition. When receiving another stimulus,
these trained macrophages release high pro-inflammatory TNF-o
and IL-6 cytokines, resulting in allograft rejection (30). These
trained macrophage responses have been shown to last for
months after the initial stimulus terminates (30, 31). Inhibiting
trained immunity via short-term mTORi-HDL immunotherapy
promoted organ transplant acceptance (31). Innate immune cells
also recognize allo and xeno-antigens, as in a preliminary study,
macrophages rejected xenografts without T and B lymphocytes
(32). Neutrophils invade xenografts (cellular and organ) (33, 34)
and lead to a release of neutrophil extracellular traps and
production of ROS (reactive oxygen species) and digestive
enzymes (35, 36). Xenograft rejection by NK (natural killer) cells
is seen via a receptor [e.g., natural killer group-2D (NKG2D)] and
porcine UL16-binding protein-1 (pULBP-1) (37), which upon
binding result in perforin and granzymes release (38). The
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L-1B and IL-18, which are then released.

recognition of SLA-1 and -2 complexes by T cell receptors
initiates adaptive immunity against the xenograft (39), whereas
CD4+ T cells are recruited when xenograft antigens are presented
by the recipient APCs, leading to antibody-mediated rejection (39).
Consequently, the release of cytokines in this process further
induces immune responses by NK cells and macrophages (40). B
cells also contribute to xenograft rejection as reports have shown
that the transplant of heart from pig to baboon showed 8-month
survival when the B cells were removed, hence also reiterating that
depletion of B cells can delay xenograft rejection (41). The
production of anti-Gal antibodies by B cells binds to Gal antigens
in porcine tissues, inducing rejection, whereas the removal of anti-
Gal antibodies hampers the rejection of xenograft (42, 43).

Studies have shown distinctions between danger and allogenic
signal-mediated innate immunity activation. Recipient’s monocyte
upon allogenic signaling helps to monocyte differentiation into
mature DCs, whereas danger signals direct to less mature DCs. Fully
mature mono-DCs will collude with the adaptive immune system (44),
orchestrated and amplified by innate immunity in many ways. The
activated DCs trigger the adaptive immune system, which travels to
the recipient’s lymphoid tissue, expressing alloantigen bound to MHC.
Donor naive T cells recognize MHC-bound alloantigen, resulting in
the proliferation and differentiation of T cells. Upon reaching the graft
site, Cytotoxic T cells will identify the host antigen and lead to graft
rejection. Some T cells survive as memory cells and remain a liability
to the transplant’s short and long-term survival (45).

After organ transplantation, early acute T cell-mediated
rejection is governed by direct allorecognition; the donor APCs
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with MHC-I and MHC-II of alloantigens bind to naive CD8 and
CD4 cell receptors, resulting in activation and differentiation. Upon
reaching the transplant site, the primed CD8 cytotoxic cells identify
the allogenic MHC molecules, causing cell damage and even tissue
rejection in extreme cases (46). Indirect allorecognition mediates
late acute T cell-mediated rejection. The APCs of the recipient take
donor allogeneic antigens and present them to T cells through self-
MHC molecules. In this case, as for the direct pathway, T cells
activate, proliferate, and differentiate with long-term immune
response (47). Recurring events of T cell-mediated rejection can
lead to chronic T cell-mediated rejection, where memory T cells at a
low activation threshold can lead to graft rejection (48), along with
other contributory factors such as repeat transplantation,
tacrolimus (FK-506)-free immunosuppression regimen (46).
Regulatory T cells (Tregs) are lymphocytes that control the
activity of other immune cells and are essential in the initiation and
conservation of peripheral tolerance, hence maintaining a check on
immune responses and autoimmunity. Tregs cause cell apoptosis by
releasing IL-10, TGE, IL-35, and perforin. In an indirect
mechanism, Tregs, using CD39/CD73, reduce the presence of
extracellular ATP in the surrounding area, which leads to
immunosuppression (49). High expression of the CD25 receptor
induces uptake of IL-2, depleting the availability of this cytokine for
the other cells (50). Tregs in the graft microenvironment contribute
significantly to the induction of graft tolerance. In transplantation,
CD25"CD4"FOXP3" Tregs mainly contribute to managing
immune responses to alloantigens and suppressing graft rejection
(51). In vivo (52) and ex vivo (53) exposure to alloantigen-induced
CD25"CD4"FOXP3" Tregs were similar to Tregs derived from the
thymus. In a graft recipient, donor alloantigen reactive Tregs can be
formed and demonstrate various routes of action. The hypothesis
suggesting that the adoptive transfer of Tregs can both decrease
graft rejection and promote graft tolerance in a new environment
has been evaluated in preclinical animal models. Encouraging
outcomes were achieved through the infusion of Tregs (54-56).
Preclinical data illustrated that the alloantigen-specific Tregs can be
more effective (57). The development of Tregs with chimeric
antigen receptors provides the required specificity (58, 59) where
these Tregs in animal models were able to reach the graft (60,
MacDonald et al., 2016). These Tregs suppressed skin graft rejection
considerably compared to polyclonal Tregs (61, 62).
B-lymphocytes on their surfaces express antigen-specific
receptors called immunoglobulins. B cells are activated when
these receptors bind to HLA antigens of the donor, aided by
CD4"Th2 helper cells. This response leads to a cascade of events
where B cells divide and differentiate into plasma cells, where a
subset of activated B cells become memory B cells (63, 64).
Preexisting or donor-specific antibodies (de novo) to donor
human leukocyte antigen (HLA) lead to antibody-mediated
rejection. Differentiated memory B cells and plasma cells produce
de novo antibodies. In liver transplants, cellular toxicity is evident
after an increase in the binding of donor-specific antibodies, and
complement fixation occurs when expression of MHCII is
upregulated after injury (65). Factors that can induce chronic
antibody-mediated rejection are previous events of T cell-
mediated rejection with insufficient immunosuppression and or
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developing chronic liver pathology (66). Recipients with antibodies
to donor antigens bind to the endothelium of vessels of the graft in
acute antibody-mediated rejection. This upshot is mediated by
ABO-incompatible grafts or previously developed anti-HLA
alloantibodies from previous pregnancy, transfusion, or
transplantation cases.

Immune memory in organ transplant

Immunological memory is a distinct characteristic whereby
innate and adaptive immunity contributes to perseverance. Innate
memory is classically known to generate a non-specific and rapid
response. Previous encounters with pathogens develop adaptive
features whereby the innate immune responses modulate upon re-
infection, thus coining the term “trained” memory. This functional
characteristic of “trained” memory is developed from the cells
undergoing remodeling of chromatin structure and metabolic
reprogramming. Hence allowing the innate immune cells to
retaliate against re-infection with a stronger and more rapid
response (67). Trained memory has been linked with acute
rejection, whereas allograft survival is promoted upon
suppression of trained immunity in organ transplantation.

Due to ischemic reperfusion injury, the donor organ releases
DAMPs, which bind to PRP associated with trained macrophages,
releasing pro-inflammatory cytokines in higher concentrations and
activating adaptive immune responses. This results in allograft
rejection (31). As this trained immunity will persist in the host
for several months, the organ transplant might be subjected to long-
term effects (68). The release of extracellular ATP during
Ischaemic-reperfusion injury activates P2X7 (cell surface
purinergic receptor for macrophages), producing cytokines. For
example, IL-1beta and TNF contribute to allograft rejection (69,
70). Studies in mice have shown that blocking the receptor P2X7
demonstrated long-term transplant survival. Blocking P2X7 hinders
T-helperl and T-helper 17 T cell immune response, reducing the
effecter T cell numbers and contributing to transplant survival (71).
IL-6 demonstrated increased production by myeloid cells of mice,
which, under oxidative stress, induces increased activation of
allogenic T cells (72). Increased graft survival was observed in
mice when IL-6 was strategically blocked post-transplantation. The
blocking of IL-6 also leads to a decrease in the invasion of adaptive
leukocytes (73).

Kidney transplantation surgery involves vascular tissue damage,
induction, and infiltration of monocytes into the graft (74). Upon
recognition of non-self alloantigens and DAMPs, these cells
differentiate into various subsets of macrophages inside the
transplanted kidney. The phenotype of these cells is also shown
to be modulated by immunosuppressive agents in the recipient. If
previously primed with donor cells, mice have been subject to
stronger monocyte-mediated responses. Lymphocyte-deficient
RAG (-/-) mice, when previously primed with allogeneic spleen
cells or skin grafts, exhibited monocyte-mediated alloimmunity, i.e.,
allogeneic spleen cells were recognized and removed (75). As a
result, these cells developed memory responses to counter the allo-
antigens. Interestingly, it has further elucidated that the
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polymorphic variations in SIRPa. (signal-regulatory protein-or)
between donor and recipient monocytes in mice were identified
by CD47 expressing monocytes of the recipient inducing innate
immune responses against the allograft (76).

Upon contact with pathogen-derived ligands, the myeloid cells
are subject to metabolic and epigenetic changes. These immunized
cells produce a sturdier response to new infections and can reject
allografts long term. Hence, functional reprogramming of the
myeloid cells and macrophages over a long period contributes to
their training, potentially playing a role in organ transplant
rejection. Signaling cascades employing vimentin/HMGBI,
oxidized low-density lipoprotein, and NOD2 (Nod-like receptor
2) have been implicated in the training of macrophages contributing
to allograft rejection (30). The heart transplant model in mice has
also shed light on the role of innate immune memory in rejection
(31). Furthermore, the targeted mTOR inhibiting nanobiology of
myeloid cells showed a reduction in H3K4me3 of genes associated
with inflammation (e.g., TNF & IL-6) in the monocytes of the
allograft. Here, the macrophages were induced with trained
memory by vimentin (binds to dectin-1 receptor on endothelial
cells) and HMGBI1 (activates TLR4) that acted as mediators of
inflammation in the transplanted heart (77, 78). This action
reiterated the upregulation of vimentin and HMGBI1 as
inflammatory mediators, as reported in organ transplantation (79,
80). Treatment with vimentin and HMGBI concerning organ
transplantation can lead to the development of trained immunity
(31). A crucial understanding was that organ transplant survival
without the re-requisite of consistent use of immunosuppressive
drugs could potentially be achieved when mTOR-inhibiting
nanobiology specific to myeloid cells leads to an enhanced
number of regulatory T cell population in the allograft (81).

Recently, scientists have shown that PIRA, an innate myeloid
cell receptor, can recognize allo-MHC I molecules. Kidney and
heart allograft rejection was reduced by deleting PIRA in the
recipient or blocking donor MHCI binding to the donor RIPA
receptor (82). Murine models have exhibited that allograft rejection
is mediated upon organ transplantation, which induces the training
of macrophages. Reports have indicated that trained immunity can
be developed in hematopoietic stem, blood monocytes, and myeloid
progenitor cells (81, 83). In parallel, more advanced adaptive
immune memory is generated via epigenetic modifications and
gene recombination, hence adding to its specificity.

In organ transplantation, trained immunity has been shown to
modulate the fate of grafts, as demonstrated in animal models. More
investigation into the intricate mechanisms of trained immunity at
different regulatory levels in clinical settings is vital to identify
potential targets for therapeutic interventions.

Immune enhancement strategies
in infection

Tt is well established that innate and adaptive immune responses
are intricately interwoven systems aiming concordantly to improve
survival. It is imperative to mention that the term “non-specific” in
the context of innate immune response is under scrutiny as pattern
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recognition receptors (PRPs) expressed on the innate immune cells
can specifically recognize the type of micro-organisms; for example,
these cells can distinguish between gram-positive and gram-
negative bacteria (84). Studies have demonstrated the adaptive
property of innate immune responses, which signifies innate cells
protect against infections (85, 86). In organ transplant, an infection
after a kidney transplant can result in eventual organ rejection by
the recipient owing to increased cytokine production by innate
immune cells. Similarly, in the mice model, infection by
Staphylococcus aureus simultaneously with skin transplantation
led to increased IL-6 production and reduced graft acceptance
(87). This outcome means macrophages-induced increased IL-6
responses combat S. aureus infection (88). Nevertheless, this high
level of inflammatory cytokines can put into motion a mechanism
inducing graft rejection in kidney transplants. Graft rejection in
mice was seen as a result of immune response to S. aureus even with
immunosuppressive agents (i.e., cyclosporine or sirolimus) support,
indicating that these drugs could not regulate cytokine production
by the macrophages. Following the above-mentioned studies, other
research of murine models demonstrated graft rejection induced by
costimulatory blockade resistance mediated by IL-6 produced by
the macrophages (89).

A prospective strategy for immune enhancement can be
achieved by exploring therapeutic targets in trained immunity
that regulate innate immune responses. An intervention approach
that can provide numerous possible targets is innate immune
responses via cell surface molecules and soluble mediators that
further modulate adaptive immune responses. In the case of
infection, increasing the potency of immune responses in trained
immunity can be targeted, whereas, in the case of organ
transplantation, strategies targeting response inhibition leading to
graft rejection can be evaluated. Some potential targets in the case of
trained immunity include ligand-receptor interactions, epigenetic
regulation, and metabolic wiring (81).

Infections

Infections before, at, and after
transplantation and the infection’s timeline

In organ transplantation, infection prevention and management
are critical for success. The risk of infection depends on the
recipient’s immunosuppression regimen and local infection
prevalence. Tailoring immunosuppression and advanced
microbiologic diagnosis are crucial to addressing infectious
disease challenges in transplant recipients (90).

Donor infections can be divided into “expected” and
“unexpected” infections. The first category includes
cytomegalovirus, HBV, HCV, Toxoplasma gondii, and BK
polyomavirus. Present microbiological assays are available and
can detect these pathogens. The expected infection category
pathogens are reported to be of modest risk to the organ recipient
and can be treated. In the second category, infections can occur due
to the outbreak of known infections in new areas. This category
includes viruses, bacteria, fungi, and parasites. Fewer than 1% of
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grafts are estimated to exhibit unexpected donor-derived infections.
In cases where organs were sourced from a single donor, multiple
recipients experienced a spectrum of infections, including M.
tuberculosis, fungal pathogens, herpes simplex virus (HSV),
human herpesvirus 8 (HHV-8), lymphocytic choriomeningitis
virus (LCMYV), rabies virus, Trypanosoma cruzi, microsporidiosis,
human immunodeficiency virus (HIV), and hepatitis C virus
(HCV) (91-97). Examples of unexpected infection include the
spread of WNV in the USA and Chikungunya virus in Italy. At
the time of the outbreak of these two infections, no diagnostic assays
nor therapeutic option was available (98).

Infected donor organ

Some donors have treatable infections, including bacteria
(pneumonia or sepsis) and viruses (hepatitis B, HCV, or HIV).
Recipients infected with HIV, HBV, or HCV and require antiviral
therapies can be offered organs from donors infected with the same
viruses. Currently, present treatments can control infection of
syphilis or tuberculosis in recipients. The hallmarks of
transplanting infected organs include delay in access to
microbiological data at the time of transplantation or hampered
testing, as seen in the case of HIV (2011).

Bacterial infections have been known to be controlled by
applying surgical prophylaxis and antibacterial regimens during
the transplantation period (99, 100). MRD includes spectrum [3-
lactamase (ESBL)-producing Enterobacteriaceae, carbapenem-
resistant Acinetobacter baumannii (CRAB), Klebsiella pneumoniae
(CRKP), and other carbapenem-resistant Enterobacteriaceae
(CRE). The disease condition increases if an organ recipient is
infected by MRD pathogen (101). Antimicrobials such as Colistin,
tigecycline, and fosfomycin are presently the main agents potent
against a relatively new highly resistant strain with a carbapenemase
enzyme, i.e, NDM- 1 (New Delhi Metallo-B-lactamase— 1)
discovered in 2008. In organ transplantation, NDM-1-related
infection is yet to be recorded.

Donor organ-derived viral infections play a major role in
modulating the immune responses in immune-compromised
recipients. Higher frequency in the case of liver transplant
recipients has been shown to acquire HBV when prophylaxis is
not administered. Data demonstrate that HBV (de novo) was
acquired in 58% of HBV non-immune organ recipients. However,
only 18% of recipients who had been vaccinated acquired the
infection, 14% of recipients were positive for HBV antibodies,
and around 4% of recipients were naturally immune (102).
Lamivudine (antiviral agent) is the favorable and cost-effective
choice for antiviral therapy of anti-HBcAg-positive donors (103,
104). Donors infected with HBV, HCV, or HTLV (human T cell
lymphotropic virus) require optimal prophylaxis (105-107).

Risk of infection

Two main components encompass the risk of infection in the
recipients after transplantation. One is the donor and recipient’s
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epidemiological exposure, including recent and remote exposures
(92). Second is the overall immune suppression conditions and all
related components that can add to the risks associated with
infection. Table 1 is an adaptation of previously reported work. It
depicts the contributing agents in each component of the risk
factors associated with organ transplantation (92) (90).

Infections- different types of microbiomes-
donor and recipient

The microbiome collects microorganisms in the tissue and
surfaces consisting of commensal flora and infectious agents.
Infection from donor organs, latent infections (including fungal,
viral, or parasitic), novel nosocomial or community-acquired
infections, and previous colonization of mucosal surfaces are the
primary sources constituting the microbiome of the organ
transplant. It has been reported that this microbiome has a
diverse role as it maintains a dynamic and regulated interaction

with the immune system, which, upon shifting microbiome

TABLE 1 Characteristics components reported as potential risk factors
of infection in organ transplant recipients (some examples included).

Infection Epidemiological Immunosuppressive
exposure net state

Virus Herpes, i.e., Hepatitis Immunosuppressive therapy
viruses, Retroviruses, constitutes the time, dosage, and
Others including West trajectory of the spatiotemporal
Nile (WNV), order of therapeutic agents.
Chikungunya, Zika, Immune disorders, including
Dengue, Community autoimmune disorders and
exposures immune system-related
Food- and water-borne, genetic polymorphism
Respiratory viruses,
Common viruses,
Polyomavirus,
papillomavirus

Bacteria Gram-positive and Previous treatments, which include
gram-negative bacteria, broad-spectrum antimicrobial
Mycobacteria, drugs and chemotherapy-related
Nocardia species drugs and procedure
Methicillin-resistant Loss of skin integrity and breaks in
staphylococci, mucosal barriers induced by
Antimicrobial-resistant catheters and drains
enterococci, Multidrug-
resistant gram-negative
bacilli, Aspergillus
species, Candida non-
albicans strains

Fungi Candida species, Technical obstructions and
Aspergillus species, drawbacks associated with surgical
Cryptococcus species, procedures lead to injury to graft,
Endemic fungi, causing wounds and fluid
Opportunistic molds, collection. Immune disorders,
respiratory pathogens, including autoimmune disorders
Geographic fungi and immune system-related

genetic polymorphism

Parasites Toxoplasma gondii, T. Metabolic dysfunction, including
cruzi, Balamuthia uremia and diabetes
species,
Strongyloides stercoralis
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patterns, plays a key role in rejection in recipients of organ
transplants by dysregulating the immune system.
Immunosuppressive agents, exposure to infection, antimicrobial
therapy, and surgery distort the normal microbiome of the
recipient. The disrupted microbiome and induction of new
immune system responses in this context alter the fate of the
organ transplant (108).

Donor- and recipient-derived infections

Microbiologic screening is vital as it provides information
regarding the donor and recipient, enabling post-transplant
preventive measures to be established (94, 109). Each strategy is
personalized, for example, antifungal treatment in lung recipients
and individualized antiviral prophylaxis for herpesviruses upon
result analysis of pathogen-specific serologies of both donor and
recipient (110, 111).

Donor infections can reappear decades after the first exposure,
for example, in the cases of Strongyloides stercoralis, tuberculosis, or
coccidioidomycosis. Donor colonized infections like Aspergillus in
the donor’s lung can enhance graft rejection. Microbiologic assay
and epidemiologic history are assessed to screen for common
pathogens. Treatment strategies are implemented before the
transplantation procedure in case of active infection.
Perioperative prophylaxis is considered a strategy in the case of
multidrug-resistant organisms, including MDRO or molds, which,
under specific situations, can be used postoperatively, as seen in the
case of Aspergillus in the recipient’s lung (100).

Timeline of infection

After transplantation, the occurrence of infection as a function
of time can be estimated when the recipients are on standard
immune-suppressive regimens. Over time, the shifting balances
between the risk factors [i.e., surgical procedure, hospitalization,

10.3389/fimmu.2023.1292625

immune-suppressive regimen, infections, and other factors (92)]
provide predictive infection patterns. These are shifted via changes
in the immune-suppressive regimen, infections of viruses, and
epidemiological exposures. Antimicrobial prophylactic can serve
to delay but not remove the infection. Upon suspension of
prophylactic agents, the risk of infection decreases as the net state
of immune suppression is reduced (112-114). The timeline of
infection is represented in Table 2 as a function of three
overlapping periods for post-transplantation patients

Fungal Infection

Characteristics and evolution of
fungal spectrum

Past decades have brought fungi into the limelight as human
pathogens since over 1.6 billion annual deaths associated with
fungal diseases implicate its critical role in human pathology
(2017). In 2020, the World Health Organization (WHO) put
forward a list of fungal priority pathogens, providing direction for
future research into fungus-associated infections (119). As the
number of immune-compromised patients has increased
drastically, simultaneously fungi have emerged as infectious
agents. It is imperative to decipher the virulence of fungi as
human pathogens to understand the opportunistic actions of fungi.

With over 150,000 species and many yet to be discovered (120,
121), the kingdom of fungi presently consists of over 200 orders and
12 phyla (122, 123). Several hundred species are associated with
human pathogenicity and death and are part of a few lineages. The
fungal tree of life and plotting human pathogen-associated genera
illustrated that the evolution in human pathogenicity has occurred
in over 12 different lineages. Remarkably, human pathogenicity has
evolved multiple times within a few of these lineages, indicative that
these lineages possess distinct characteristics that prepare
adaptation to human pathogenicity, for instance, Aspergillus
fungi, whose pathogenicity has evolved independently many times

TABLE 2 Timeline of Infection Phases and Associated Infections in Post-Transplantation Patients.

Post-Transplantation Period Types Key References
of Infections Information
Phase 1 30-day period post-transplantation Surgical anomalies, Rare opportunistic (90)
donor-derived, infections, antibodies,
nosocomial fever, and graft
infections rejection
were observed
Phase 2 6-12 months post-transplantation Various sources of Differential evaluation (92, 115,
infections, e.g., of persisting 116, 117,
CMV, HSV, infections; 90)
PCP, etc. immunosuppression
evaluation
Phase 3 6-12 months post-transplantation Community-based Recipients with (1, 118)

exposures, CMV,
recurrent
infections
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(124). Aspergillus fumigatus and Aspergillus flavus are pathogens
causing aspergillosis, whereas their immediate relatives are non-
pathogenic (125-127). Pathogenicity has evolved independently
within the clad of budding yeast around five times (128, 129),
including Candidiasis Candida (Nakaseomyces) glabrata, C.
albicans, and C. auris pathogens.

It has also been seen that within a particular lineage, several
species exhibit human pathogenicity where close relatives, in many
instances, demonstrate significant variations in the degree of
virulence. Although the human pathogen C. albicans and C.
dubliniensis are closely related, C. albicans has higher virulence
(130). Cryptococcus neoformans is prevalent among inimmune
compromised individuals, and Cryptococcus gattii infections
among immune-competent individuals (131, 132). Furthermore,
significant differences are seen in the pathogenicity and antifungal
drug resistance spectrum within the 12 pathogenic species of
Aspergillus section Fumigati (133). Virulence and drug resistance
profiles of strains of C. albicans (134, 135) and pathogenic
Aspergillus (136) demonstrate considerable heterogeneity in
genome and phenotype. Hence, diversity in pathogenicity-related
genes is present among species and lineages and between strains in
the population of pathogenic fungi.

C. albicans and C. dubliniensis, being close relatives yet distinct
in virulence, do not show significant variations in genetic content
(137). Upon evaluating differences in the orthologous gene
expression, it was evident that there was a high expression of 15
genes related to glycolysis in the case of C. albicans. In contrast, high
virulence was achieved by engineering the high expression of 15
genes in C. dubliniensis (130). Changes in genetic traits can
modulate pathogenicity and infection-associated features.
Heterogeneity in the genome of C. albicans strains exhibited
many genetic differences. For example, differences in virulence
and infection-associated characteristics in strain were attributed
to single nucleotide polymorphism (134)

Common fungal infection

Approximately 5-42% of solid organ transplant recipients suffer
from fungal infections, which is subjective to the type of organ
transplanted and the state of immunosuppression of the recipient
(138-140). Invasive Candidiasis (IC), Aspergillus species,
Mucorales and Fusarium species, and A. fumigatus (Aspergillus)
are the most common fungal infections in different organs of
recipients. The occurrence of most common fungal infections in
solid organ transplant recipients is represented in Table 3.

Timeline of fungal infection

Fungal infection cases have been reported within the first 90
days post-transplantation (159, 160). One month post-
transplantation, invulnerability to Candida, Aspergillus, and
Mucorales increased due to high levels of disruptions in barriers
and changes in functional phagocytic activities (161). Disseminated
aspergillosis infections in the central nervous system in recipients
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have also been described (162). During 1- 6 months post-
transplantation, an increase in pathogenic infections is evident.
Many infections are attributed to latent infections derived from
endemic fungi and mycelial fungal infections (163, 164). The period
post six months after transplantation is generally characterized by
reduced fungal infection as recipients are under optimal
immunosuppressive regimens. However, aspergillosis and
opportunistic fungi infections are evident in 10-20% of recipients
who experience neoplasia or are under high levels of
immunosuppressive regimens (161, 163, 165).

Earlier reports related to Aspergillus have shown infection can
occur in the first hundred days post-transplantation, e.g., 120 days
in lung transplants, 82 days in kidney transplants, and 45 days in
liver transplants. In subsequent years, reports have demonstrated
Aspergillus’s bimodal trait of infection constituting an early onset
and late onset infection. The early onset within the first month
reflects potent environmental exposure (115). 51% of Aspergillus
infections in lung transplant recipients are within the first 90 days
post-transplantation, whereas 72% are within 180 post-
transplantation (166). Early-onset infections are manifested as
Tracheobronchitis or anastomotic. Invasive pulmonary and
disseminated infections are seen later on.

Risk factors leading to fungal infection in
organ transplant

General risk factors associated with fungal infections in solid
organ transplant recipients and their occurrence differ regarding
two components. One is the recipient’s predisposition to infection,
and the second is the degree of severity of exposure. The
vulnerability of a recipient to fungal infection is governed by
several contributors, mainly immune flaws caused by underlying
disorders necessitating an organ transplant (167, 168), organ
transplanted type, complications associated with surgery (152,
160, 167), metabolic changes, net state of immunosuppression,
infections by viruses, loss of renal function and supplementary
therapy to manage graft rejection (152, 165, 169).

Particularly, fungal infections in organ recipients are primarily
influenced by two major risk factors: host-related and
environmental factors. Host-related factors encompass various
determinants, such as age, gender, genetic predisposition,
underlying medical comorbidities, and the level of
immunosuppression. For instance, individuals with compromised
immune systems due to conditions like organ transplantation, HIV/
AIDS, cancer, or diabetes exhibit an increased vulnerability to
fungal infections. On the other hand, environmental factors
encompass exposures to sources of fungal contamination within
the surroundings, including soil, water, and air, as well as
suboptimal hygiene and sanitation practices (170-172).

The Aspergillus species is known to colonize normal or
immune-compromised individuals via inhalation of spores. The
virulence varies among strains, and it has been shown that the
degree of invasiveness is attributed to the elastase activity of
Aspergillus strains (173). 95% of Invasive Aspergillosis cases
indicate that the respiratory tract is the entry point (163). Tissue
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TABLE 3 Occurrence of Common Fungal Infections in Solid Organ Transplant Recipients.

Prevalence in
Solid Organ

Fungal Infection
Range

Transplant
Recipients

Percentage

Information References

Invasive Candidiasis (IC) Most common among
intra-abdominal

organ recipients

5% - 42%

C. albicans is prevalent, (138-140)
but non-albicans Candida (141-144 145-147,
species are emerging as 148-150)

causes of IC. C. auris
outbreaks in intensive
care units.

Aspergillus species Prevalent in lung

transplant recipients

Associated with
SOT infections

Mucorales and Fusarium species

A. fumigatus (Aspergillus) Frequent in heart, lung,

and liver transplants

Varies by organ type

Not Available

5% (kidney) - 70% (heart)

Invasive pulmonary (141-147, 151,

aspergillosis common in 152, 153
lung recipients. Increasing 154, 155,
demand for antifungal 156, 157,
susceptibility assays due 141,

to azole resistance. 158)
Rare endemic pathogens (153)
like Pneumocystis jirovecii

and Cryptococcus under

investigation for their

virulence in organ

transplant recipients.

Accounts for a significant (141-144)

percentage of IFIs in
various organ transplants.
Colonization rates vary by
organ type.

infection is followed by blood vessel invasion, leading to
dissemination(158).

Preclinical risk factors associated with fungal infections are
invariably intertwined with genetic elements that likely contribute
to an individual’s susceptibility. For example, a distinct genetic
variant within the TLR4 gene has been linked to an elevated
susceptibility to invasive aspergillosis in individuals undergoing
allogeneic hematopoietic stem cell transplantation (174).
Furthermore, a separate investigation revealed a genetic
polymorphism within the Dectin-1 gene correlated with an
increased predisposition to invasive aspergillosis among patients
afflicted with hematological malignancies (175). In clinical settings,
healthcare-associated infections, primarily driven by Candida and
Aspergillus, are common, especially in intensive care units, invasive
procedures, and prolonged antibiotic usage. Organ transplant
recipients are at risk due to immunosuppressive therapy. Broad-
spectrum antibiotics disrupt microbial balance, increasing
opportunistic fungal overgrowth risk, including Clostridium difficile
infections. Invasive medical devices, like catheters and ventilators,
can introduce fungal agents, often resulting in Candida bloodstream
infections, supported by a study on general hospital patients’ risk
factors, including antibiotics, catheters, glucocorticoids,
immunosuppressive agents, and chemotherapy (171).

The vulnerability to infection is increased in solid organ
recipients by macrophage dysfunction and neutrophils post-
steroid usage. Disease progression of IA is credited to the
function of T cell adaptive immunity marked by dysregulated
production of Th (T-helper cell) cell cytokines (176, 177). In
Aspergillus, Thl-related responses protect against Aspergillus,
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whereas disease advancement is mediated by Th2 responses (176,
178). Thl responses are downregulated in SOT recipients
administered calcineurin inhibitors and corticosteroids to avert
graft rejection (179). Immunity against Aspergillosis is also
conferred by TLRs (Toll-like receptors). Thl cytokine responses
are induced by TLR2 and TLR4 stimulated by Aspergillus conidia.
The hyphae germination results in defected TLR4 signaling,
consequently increasing the Th2 responses. In this context,
hematopoietic cell transplant recipients from unrelated donors
demonstrated a close correlation between donor TLR4 haplotype
S4 and the risk of TIA (174). The risk of IA is increased in SOT
recipients with renal failure and hemodialysis where T cell
replicative responses are diminished, leading to enhancement in
activation-induced T cell death (180) (181, 182).

Hypoxia, ischemia, and microcirculation are critical factors
influencing fungal infections in grafts, particularly in organ
transplantation. These factors contribute to the local tissue
environment and can significantly impact the ability of the graft
to resist fungal infections (183-186). Understanding their roles is
essential to manage fungal infection risks in transplanted organs
effectively. In grafts, hypoxia can manifest due to compromised
blood flow or vascular damage incurred during transplantation.
This oxygen deprivation weakens the host’s immune response,
hindering the effective migration of immune cells to the site of
infection (187, 188). Fungal pathogens, such as Candida and
Aspergillus, often possess adaptations that allow them to thrive
under low oxygen conditions, capitalizing on the hypoxic
environment within the graft to establish and propagate
infections (188).
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Ischemia, conversely, refers to a decrease in blood supply to a
particular tissue or organ. It may result from vascular injury during
graft surgery or the host’s immune system attacking the graft tissue.
Grafts subjected to ischemia are more vulnerable to fungal infections
due to their compromised blood flow, which restricts the delivery of
oxygen and nutrients to the site of infection. Furthermore, the
diminished oxygen levels in ischemic grafts weaken the host’s
defense mechanisms, making it easier for fungal pathogens to
colonize and thrive within the graft (184, 186). Microcirculation,
comprising blood flow through the smallest blood vessels, including
capillaries, plays a vital role in delivering oxygen and nutrients to
tissues. When the microcirculatory system within the graft is
damaged, it can result in tissue hypoxia and ischemia, creating an
environment conducive to fungal infections. Fungal pathogens can
exploit these conditions to infiltrate the impaired microcirculation
and evade immune surveillance, leading to persistent and
challenging-to-treat infections (189).

Endemic, geographically restricted
fungal infection

Certain dimorphic fungi are geographically restricted and, in
the case of healthy individuals, cause pneumonia. In immune-
compromised individuals (e.g., HIV, transplantation recipients,
and corticosteroid treatment), these fungi cause progressive
pulmonary and extrapulmonary diseases. These fungi include
Histoplasma, Coccidioides, Paracoccidioides, Talaromyces, and
Blastomyces species. Many factors, including race, ethnicity, and
hormonal profile, impact the potential risk and intensity of
infection, yet a complete understanding of the processes is
lacking. Individuals of ancestries like African Americans, Native
Americans, and Asians are at a higher risk of blastomycosis and
disseminated coccidioidomycosis. Males are more at risk of
developing chronic paracoccidioidomycosis (190). Immune
responses against histoplasmosis, coccidioidomycosis,
talaromycosis, and blastomycosis are governed by the coordinated
interactions between fungicidal macrophages and T cells producing
IFNY. Predisposition to infection is mediated by gene mutations
encoding IFNYR1, STAT1, STAT3, CD40L, or GATA2 (responsible
for type 1 immune response), IFNY neutralizing autoantibodies
(191). Predisposition to high-intensity infection is also seen in
applying TNF inhibitors and IFNYy-targeted biologic emapalumab
(190). It has been shown that among approximately 50% of patients
evaluated for Coccidioides, dissemination is attributed to
dysregulation in TNF production owing to genetic variation in
genes for B-glucan (192). Macrophage lead T helper 1 cell responses
that facilitate metallothionein-mediated zinc sequestration, causing
pathogen starvation to play a vital role in nutritional immunity to
Histoplasma. Conversely, T helper 2 cell cytokine IL-4 encourages
the pathogen to acquire zinc, promoting intracellular survival (193).
Blastomyces employs several tricks to evade the immune responses,
for example, GM-CSF inactivation, inhibition of CC chemokine
recruitment by the monocytes, and the release of IFNy mediated by
CD4" T cells blocked by BAD1 adhesin (194). A combination of
IFNy and dupilumab, i.e., IL-4/IL-3 receptor inhibitor, can promote
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remission in refractory disseminated coccidioidomycosis where
inborn errors of immunity were detected in the child (195).

Immune responses against fungal infection

Immune responses primarily begin when pathogenic fungi are
recognized by host pattern recognition receptors (PRRs). These
include Toll-like receptors (TLRs), C-type lectin receptors (CLRs),
NOD-like receptors (NLRs), and retinoic acid-inducible gene-1
(RIG-1)- like receptors (RIRs). These receptors are present on
innate immune cells such as monocytes, DCs, neutrophils, and
macrophages in circulation or tissue-resident; upon recognizing
fungal PAMPS, they lead to a specific immune response against the
fungal infection. This initial line of defense is tailored mainly
depending on the site of invasion and the type of innate immune
cells recruited to the site (196).

The detection of fungi via ectodomain of TLRs signals the
adaptor protein, i.e., myeloid differentiation primary response 88
(MyD88), triggering a signaling cascade that activates the NF-K beta
and MAPKs, leading to a response against the fungi. MyD88
knockout mice are prone to multiple fungal infections,
demonstrating the vital role of MyD88 in initial responses (197,
198). However, it has also been shown that activation of NF-Kf and
MAPKs can be carried out via an alternate route employing TRAF 6
and TRAF3 to combat fungal infection (199). Sensing and elicitation
of antifungal response are also carried out by CLRs consisting of
Dectinl,2, macrophage-inducible C-type lectin (Mincle), and
dendritic cell-specific intercellular adhesion molecule-3-grabbing
nonintegrin (DC-SIGN). The carbohydrate component of the
fungi is sensed by the C-type lectin-like domain (CTLD), where
the CLRs activate Card9/Bcl10/Maltl (CBM) signalosome followed
by the NF- pathway either via Dectin 1 or Dectin 2 and Mincle (200).
It has been shown that this CBM plays an important role in
protecting against fungi in mammalian cells. Vulnerability to
fungal infection has been seen in cases where loss of function of
Card 9 is reported (201). When PAMPs are recognized by NOD1
and NOD 2 receptors, the Nodosome signaling complex activates the
NFKP and MAPK pathways (202). A Multi-protein complex called
inflammasome that consists of NLRPs, apoptosis-associated speck-
like protein (ASC), and inflammatory protease caspase-1 can
distinguish the invasive fungi by identifying the hyphae of fungi
responsible for the invasion. NLRP3 inflammasome is widely studied
in this context and is known as a prototypic inflammasome. Once
the NLRP3 inflammasome is activated via a plethora of upstream
events, procaspase-1 activates the active caspase-1, promoting the
maturation and release of IL-1f3 and IL-18 (203). A. fumigatus, C.
albicans, and C.neoformans infections were seen in mice knockout of
NLPR3, ASC and caspase-1, hence signifying the role of
inflammasome in countering fungal invasion (204-206). It is
imperative to mention that effective fungal removal is tackled by
the cumulative overlapping interactions of the PRRs as the first line
of defense; for example, in the case of Histoplasma capsulatum, a
response is initiated via Dectin 1 in collusion with complement
receptor 3 (CR3) activate the Syk-JNK-AP-1 signaling cascade and
lead to tumor necrosis factor (TNF) alpha and IL-6 release (207).
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Fungi components, once recognized, lead to the activation of
oxidative and non-oxidative processes in innate immune cells that
promote the removal of fungi. One strategy is phagocytosis by cells
such as macrophages and neutrophils, whereby fungi, captured by
phagosomes, are subject to lysosomal vesicles that induce fungal
clearance (208). Macrophages and neutrophils also induce ROS
production via the nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase complex, which kills the fungi by protein cross-
linking and fragmentation (209). NADPH oxidase loss, either
complete or partial, has been associated with aspergillus infection
(210). Aside from the oxidative mechanisms, innate immune cells
employ non-oxidative processes to kill invading fungi. Cathelicidin
LL-37, histatins (Hst), and defensins are antimicrobial peptides
(AMPs) that can kill pathogenic fungi. C. albicans undergoes loss of
nucleotides and proteins when LL-37 attaches and breaks down the
membrane (den Hertog et al., 2005), whereas Hst5 is taken up by
the C. albicans and leads to fungi death by the production of ROS
intracellularly and ATP efflux from the mitochondria (211).

DCs, as antigen-presenting cells (APCs), serve to present fungal
components to the adaptive immune cells and promote long-lived
memory, a protective mechanism against re-infection. In the case of
Candida, the DCs take in the invading yeast by phagocytosis,
promoting the induction of cytokines IL-12, which leads to
protection by T helper 1 (Thl). If the Candida hyphae are taken
up by zipper-type processes (including FcyR and CR3), IL-4 and IL-
10 are generated, resulting in Th2 and Treg responses (212). The
release of type I interferon (IFNo) and TNFo is promoted by
plasmacytoid DCs, which protects against A. fumigatus in mice
(213). Blastomyces dermatitidis antigens enter the lymph node via
monocyte-derived inflammatory DCs where CD4" T cells are
primed by lymph node-based DCs (214).

IFNy and TNFa release from immune cells play a vital role in
removing fungal pathogens. Upon infection of Paracoccidioides
brasiliensis and H. capsulatum, IFNy enhances the expression of
MHCI, promoting antigen presentation, phagocytosis, and
macrophage responses (215-218). H. capsulatum and aspergillus
infection are hindered by TNFo which simultaneously reduces
regulatory T cell effects and enhances the recruitment of immune
cells and the production of ROS (178, 219, 220).

The production of IL-17 by Th17 cells contributes to protection
against infections by mucocutaneous fungi. Oropharyngeal
candidiasis in IL-17A receptor knockout and Th-17 deficient mice
demonstrated suppressed responses of neutrophils and diminished
survival (221). On the other hand, C. albicans and A. fumigatus
vulnerability is enhanced, where Th-17 has been shown to disrupt
Th-1 responses (222). Hence, the exact role of Th-17 against fungi is
yet to be explored.

CD8'T cells enhance immune responses against pneumocystis
carinii (223), whereas these cells release IFNYy that promotes killing
C. neoformans (224). Although several studies have demonstrated
the antifungal role of antibodies, the exact role is still unclear. Ig M
antibodies against carbohydrate components of the fungal wall lead
to an increase in APCs movement to the lymph nodes where
differentiation of Th-2 and Th-17 is promoted, as seen in
infections associated with P. murina (225). Protection was
observed in rats with vaginal candidiasis, where adoptive transfer
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of B cell therapy was carried out (226). C. albicans binding to oral
epithelial cells has been blocked by IgA derived from human milk
(227). Further research in adaptive immune responses against
pathogenic fungi is anticipated to shed light on the precise role of
different components of immunity.

The development of memory T-cells is integral to establishing
antifungal immunity, a pivotal defense mechanism against fungal
infections, particularly within immunocompromised individuals
(228). Memory T-cells, a specialized subset of T-lymphocytes, can
recognize specific fungal antigens through their T-cell receptors
(TCRs) upon fungal intrusion. Initial exposure to these fungal
antigens typically occurs during the primary infection or
immunization event (229). Upon the first encounter with a fungal
pathogen or following fungal vaccination, naive T-cells undergo
activation with specificity toward the pathogen in question. This
activation process often necessitates the involvement of APCs, such
as DCs and macrophages, which present the fungal antigens to the
naive T-cells, thereby prompting their activation (228, 230).

During the primary infection or immunization, a fraction of
the activated T-cells undergo differentiation into memory T-cells.
These memory T-cells are characterized by their long-lived presence,
enduring within the body over an extended duration, often for a
lifetime. Two principal categories of memory T-cells exist: central
memory T-cells (T_CM) and effector memory T-cells (T_EM) (231-
233). T_CM cells reside primarily within lymphoid tissues, such as
lymph nodes and the spleen. They function as a reservoir of antigen-
specific T-cells, facilitating their rapid expansion upon re-exposure
to the fungal pathogen. In contrast, T_EM cells inhabit peripheral
tissues, including those most susceptible to fungal infections. These
cells are poised for immediate response to the pathogen and can
execute effector functions, including the release of cytokines and
cytotoxic activities, without the requirement for further
differentiation (231-233).

After organ transplantation, if the transplant recipient
encounters the same fungal pathogen, the memory T-cells tailored
to that pathogen undergo prompt activation. This activation
culminates in a notably accelerated and robust immune response
compared to the initial infection (30, 234). Memory T-cells are
instrumental in the secretion of cytokines, such as interferon-gamma
(IFN-y) and interleukin-17 (IL-17), which aid in recruiting and
stimulating other immune cells to counter the fungal infection. In
instances where the immune response, encompassing memory T-cell
reactivity, proves inadequate for controlling a fungal infection,
antifungal medications may be warranted. These pharmacological
interventions are efficacious in containing the fungal infection during
immune recovery (228, 229, 235).

Key immunomodulatory approaches
adapted by fungal infection

Fungi employ distinct mechanisms that cumulatively enable
them to establish an infection. It is imperative to understand the
pathophysiology that drives infections. The pathogenic potential of
fungi is instigated by the main factors: immune system evasion, host
target modulation, and host exploitation to access nutrients
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(Figure 2). The first point of contact of fungi is its cell wall, which
forms contact with the host cell. Depending upon the type of
pathogen, the cell wall components can constitute chitin, glucans,
polysaccharides (e.g., mannoproteins), pigments, and waxes (236).
Pathogenic Candida species camouflage their immune-stimulatory
component of the cell wall, which is B-glucan, with mannoproteins—
a strategy employed to prevent binding of B-glucan by PRRs, ie.,
dectin-1 in humans (236). Aspergillus fumigatus, the B-glucan layer, is
covered in hydrophobin RodA (237). A polysaccharide-based capsule
is used to mask the B-glucan in the cell wall by Cryptococcus
neoformans (238). Coating of 0-1,3-linked glucans to shield the -
glucan, thus inhibiting the immunostimulatory cues, is seen in
Histoplasma capsulatum (239). Furthermore, Histoplasma
capsulatum diminishes the exposed B-glucan surface by Engl, a B-
glucanase (240).

Evasion of the host immune system plays a defining role in
modulating the overall immune responses. C. albicans employ
strategies to tackle the complement system by secretion of several
proteins. C. albicans inhibit the activation of the complement
system, opsonization, and phagocytosis of fungus by secretion of
Gpml and Pral that bind to FH (host complement factor) and
other complement factors (241). The Aspf2 factor engages FH in
A.fumigatus (242). Dissemination of C. neoformans is promoted
when anti-phagocytic effector protein Appl binds to macrophage
receptor CR3 (complement receptor 3), preventing uptake and
leading to early infection (243). In A. fumigatus, acidification in
phagolysosome is repressed when DHN melanin hampers the
endocytic pathway after the uptake by the immune cells (244).
The activation of LC3- LC3-associated phagocytosis is hindered by
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DHN melanin in the case of A.fumigatus where phagocytosis plays
an important role in defense against the fungi (245).

Pre-emptive measures to inhibit an immune response are
fruitful; however, in cases where an immune response is activated,
fungi can counterattack by either hindering the signaling
mechanism or targeting proteins involved in host defense. In
human pathogenic fungi, detoxification of the oxidative killing
mechanism is done. In C. albicans, this detoxification is achieved
by Sod 4 and 5 (surface-bound superoxide dismutases) (246, 247) or
by Grx2 (glutathione reductase) and Trx1 (thioredoxin) (248). Sod
1 in C. neoformans (249), Sodl and Yapl in C. glabrata (250), and
Sod 3 in H. capsulatum (251) demonstrate similar detoxification
strategies. A secondary metabolite gliotoxin in A.fumigatus
hampers the ROS production by the neutrophils (252). In
A.fumigatus, DHN melanin hinders the activation of apoptosis by
the macrophages by the PI3K/Akt cascade (253), diminishing the
presentation of pathogen-derived antigens to the DCs. This action
hampers the innate responses linked to the adaptive immune
responses (254).

Upon infecting the macrophages, the fungi induce Pyroptosis
(the programmed pro-inflammatory host cell death). C. albicans
has shown documented evidence of pyroptosis. Fungal cell wall
composition and hyphae formation play a role in triggering
pyroptosis (O’Meara et al., 2018, 255, 256). This innate immune
cell death is induced by several cues provided by the fungi, enabling
the fungi to escape the volatile environment inside the immune
cells. Upon infection by C. albicans, Saps (secreted aspartyl
proteases) activate NLRP3 inflammasome, inducing pyroptosis
(257). The amino acid transport transcriptional regulators Ahrl
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and Stp2 contribute to activating inflammasome-inducing
pyroptosis by hampering phagosomal acidification (258).
However, upon pyroptosis, certain pro-inflammatory cytokines
are secreted, leading to the recruitment of neutrophils and
pathogen elimination.

Pathogenic fungi can reside and replicate inside immune cells for
a long time without activation of host cell death programs, which is
triggered eventually owing to massive host cell damage. C.
neoformans can live and proliferate inside the acidic
phagolysosomes via an optimal pH set by a fungal capsule buffer
system. Thus, the fungi use the host as a safe replicative niche (259).
C. glabrata residing in non-acidified phagolysosomes exploit
macrophage cytokine patterns, leading to a less pro-inflammatory
profile. Fungi residing and replicating inside the phagocyte lead to
the lysis of host cells, and pathogens are released 2-3 days post-
infection (260). Fungal biotin homeostasis in the case of C. glabrata
has been demonstrated to evade the host’s immune response (261).
Interestingly, C. albicans form hyphae upon phagocytosis, which
mechanically damage the membrane within hours of infection (262).

It is important to note that pathogenic fungi can modulate the
host cell fate, where in later stages of infection, phagocytosis is
favored, and C. neoformans employ macrophages as Trojan horses
to go through the blood-brain barrier (263). This pathogen utilizes
vomocytosis (non-lytic expulsion) to escape from the
phagolysosome in 10-27% of cases and within the initial 10 hours
of infection (time varies between host types) (264). Vomocytosis
has been reported in immune cells infected by C. albicans, C. krusei,
and C. parapsilosis; however, the modulating factor involved has yet
to be elucidated (265-267). Later studies showed that the peptide
toxin candidalysin produced by C. albicans disrupts the phagocyte
membrane, promoting fungal escape independent of PCD cascade
activation (268). Human fungal pathogens in principle, modulate
the immune responses upon activation and employ strategies to
evade recognition, break free from immune cells and disseminate
into the host.

The dissemination process is attributed to certain fungal
components that modulate the fungal uptake in the host. An
active invasion of host tissue by the growing hypha utilizes the
increasing force of the hypha for active penetration. This penetration
is seen in the case of C. albicans, where invasion is facilitated by the
transition of yeast to a hyphal architecture (269). C. albicans’ ability
to employ active invasion and induced endocytosis is scarce among
fungal human pathogens (270). Another modulatory mechanism for
dissemination is the use of urease by C. neoformans; the endothelial
barrier is compromised by fluctuating ZO-1 protein balance that
invades the brain tissue of the host (271).

Toxins are important in escaping and inducing immune
responses, damaging the host, and acquiring nutrients from the
host. Candidalysin plays a governing role in host cell damage and
mucosal infections (272, 273). Danger response pathways are
activated upon the immune responses induced by the destruction
caused by candidalysin (272). This danger response signifies the role
of candidalysin as virulent and nonvirulent (274). An important
feature of pathogenicity is pickpocketing of metals, for example,
iron, by a scavenging system constituting of proteins, hemophores
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(heme extraction) by Rbt5, Pga7, and Csa2, and Cfll and Cfl95
(ferric reductases) and the ability to trap ferricrocin
(xenosiderophores), for instance. This feature is elaborately
studied in C. albicans (275, 276).

During a fungal infection, the cell wall composition adapts to
the variations in the environment, hence constituting prey for the
immune system. B-glucan in fungal cell walls has been reported to
mediate trained immunity that leads to the reprogramming of
innate immune cells, which, upon secondary encounter with a
pathogen, results in an adaptive response (277). Inflammasome
activation disruption is seen by P-glucan mediated trained
immunity (278). B-glucan, as reported earlier, triggers NLRP3
inflammasome (279), and the inflammasome is inhibited via
trained immunity (278). Therefore, it is imperative to understand
the overall effect of B-glucan modulating the activation of
inflammasome and counteract through inducing trained
immunity responses. The discovery of a distinct mannan
oligosaccharide in C. auris was shown to play a significant role in
generating stimulus for the release of cytokines (280). The role of
the two components of the cell wall, i.e.,, mannan and B-glucan, in
modulating the immune cell responses requires further
investigation. In A. fumigatus, melanin is a component of the
conidia and also in the cell wall of pigmented fungi (281). Recent
studies have shown that this melanin is crucial to inducing
macrophage metabolic reprogramming that results in enhanced
glycolysis upon induction of host defense (282). It was also shown
that irrespective of the accessibility of C-type lectin receptor
MelLeC, melanin orchestrated the intracellular calcium, leading to
hypoxia and activation of the mTOR cascade. Hence, evaluating the
cumulative role of the fungal cell wall components in
immunomodulation tactics is critical.

T cell immunometabolism plays a crucial role in various
infections in transplantation, with recent studies suggesting that
changes in intracellular metabolic programs control T cell
activation, proliferation, and differentiation into T effector (Teffs)
or T regulatory cells (Tregs) (283-285). The metabolic differences
between Tregs and Teffs can influence the balance between immune
tolerance and rejection in organ transplantation (286; KAZMI et al.,
2020). While this is well-established in the context of graft rejection,
there is limited research discussing the specific modulation of T cell
metabolism during the ischemic phase of IFI in transplantation.
However, during IFI in transplantation, T cell metabolism is
influenced by several key factors during the ischemic phase (287).
First, ischemia induces tissue hypoxia, triggering the activation of
hypoxia-inducible factors (HIFs). This activation drives T cells to
shift toward glycolysis, providing the energy required for immune
responses against IFI (288). Additionally, immunosuppressive
medications, administered to prevent graft rejection, can
indirectly disrupt T cell metabolism, potentially compromising
their ability to combat fungal pathogens (289). Moreover, the
ischemic phase can result in nutrient scarcity within the graft and
surrounding tissues, affecting T-cell functionality (290). Lastly,
fungal pathogens such as Candida and Aspergillus exploit host
immune cells’ reliance on glycolysis in hypoxic conditions, evading
immune clearance (291). Understanding these intricate interactions
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is crucial for enhancing our approach to fungal infections
following transplantation.

Current models of diagnosis, treatment,
and follow-up

Fungal pathogens are naturally commensal to the human body.
Some are prevalent in the environment, making early detection
more challenging. Ideally, the diagnosis should include detecting
stages where fungi become pathogenic and develop invasive
potential. Understanding fungal infection biology through
sequencing technology, metabolomics, and advanced imaging
techniques is vital. In parallel, the immune responses in fungal
infection are crucial to elucidate the mechanisms that can be
explored for therapeutic potency by developing advanced
diagnostic tools and specific drug targets. The ability of the innate
responses to shield adaptive immune-deprived individuals can be
investigated by devising specific sensors (i.e., fungus-specific CD4 T
cells) as fungal infection diagnostic tools.

Currently, clinicians divide patients into at-risk groups to ensure
targeted plans for diagnosis, prophylactic treatment, and pre-
emptive therapies. The diagnosis technology has been upgraded
where valuable histopathology of infected tissue can be retrieved
for deep insight (e.g., robust and validated culture techniques, PCR
matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS), T2 MRI technology and genome
sequencing). Pre-emptive therapy is critical where promising
biomarkers, such as B—d-glucan, galactomannan, and mannan as
agents, can control infection early on. The invasive character of fungi
can thus be blocked by controlling infection (292).

Fungal-infected patients are treated with antifungal agents (i.e.,
polyenes, azoles, flucytosine, and echinocandins) as the first line of
therapeutic agents. However, they provide limited scope due to
toxicity, emergence of resistant strains, and other factors. Immuno-
modulating drugs are being investigated as an adjunctive treatment
to typical antifungal agents. It is postulated that using two
prolonged therapies can, to a greater degree, lift the immune
responses in patients, especially immune-compromised
individuals. It is, however, imperative to mention that as the
antifungal agents provide a certain degree of potency, the use of
immuno-modulating drugs can be clinically demanding. Cytokine-
based therapy is the induction of cytokines, which promotes
proliferation, differentiation, and activation of immune cells to
retrieve or amplify immune responses to fungal infection. These
include CSFs (Colony-Stimulating factors), IFNy, TNFo. and IL-12.
Improved clinical outcome was seen in the case where G-
CSFGranulocyte-macrophage CSF) in combination with
fluconazole or amphotericin B was administered for refractory
mucormycosis in leukemia and neutropenic patients (293). Short-
term induction of IFNY in conjunction with amphotericin B
prompted the removal of C. neoformans from HIV patients (294).
TNFa. can be explored for clinical application as administration of
TNFo in wild-type and neutropenic mice showed protection
against infection of A. fumigatus (295). IL-12, in conjunction with
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fluconazole, demonstrated protection against invasive candidiasis in
neutropenic mice (296). However, its clinical role remains a
challenge as IL-12 can promote IL-10 (anti-inflammatory
cytokine), IL-12 can potentially instigate predisposition of
individuals to infection (297).

Cell-based therapy includes adoptive T-cell therapy,
Granulocyte transfusion, CAR-Chimeric antigen receptor T-cell
therapy, and mAbs (monoclonal antibodies) (Figure 3). Adoptive
T cell therapy poses challenges in clinical settings as the large-scale
expansion of low-tier fungi-specific T cells is strenuous. In this
treatment, GVHD (graft versus host disease) can be instigated, and
the anti-GvHD prophylaxis might hamper the role of infused T cells
(298). In preclinical studies in immune-deficient mice, the D- CAR™
(CLR Dectin-1-specific) T cells, upon activation by B-glucan,
release IFNY and diminish A. fumigatus growth (299). CAR-T cell
therapy has tremendous potential as a therapeutic agent but is
associated with cytokine release syndrome and neurologic toxicity
that constitute dire side effects (300). Added limitations that need to
be addressed include the extended timeline for developing
autologous CAR-T cell repertoire and the high cost of CAR-T
therapy. Risk factors associated with an increase in invasive fungal
infection include dysfunction of neutrophils and neutropenia,
where the disease progression is reduced when granulocyte
transfusion can be applied as adjunctive treatment. This
treatment has been demonstrated in children suffering from
neutropenia, effectively treated with granulocyte transfusion
combated invasion infection (301). Increased protection against
invasive fungal infection was also seen when this treatment was
administered to stem cell patients (302). Presently Mycograb (i.e.,
Efungumab) and 18B7 are the only two mAbs that have paved their
way into clinical trials. The lack of elaborate understanding of
humoral immunity against fungal infection, in parallel with the high
cost of production, has proven to be the main hindrance to effective
advancement in this field. Efungumab targets the heat shock protein
90. The human recombinant antibody is potent against Candida
species, including C. albicans, C. krusei, C. tropicalis, and C.
parapsilosis. In an interesting study, it was demonstrated that the
use of Mycograb in conjunction with amphotericin B enhanced the
clinical outcomes by 84%. It was only 48% with amphotericin B for
patients with invasive candidiasis. The death rate was also reduced
considerably (303). However, due to inconsistencies in quality
control, Mycograb has yet to reach the market (304). 18B7, a
murine antibody, targets the polysaccharide capsule of C.
neoformans (305). Clinical trials of HIV patients with
cryptococcal meningitis were shown to be tolerant of 18B7, and
high doses led to a reduction in serum cryptococcal antigen (306).
18B7 has yet to reach the clinical setting owing to a lack of
developmental support for the antibodies (307).

Although the burden of high-risk populations is increasing, no
clinically approved vaccine has reached the market in case of
protection against potential invasive fungal infection (308).
Vulvovaginal candidiasis affects around 50-70% of women at least
once in a lifetime (226, 309). PEV7 is a vaccine composed of
truncated Sap2 recombinant protein set up on virosomes that can
produce specific antibodies IgG and Ig A that confer protection
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FIGURE 3

Immunotherapies to target and prevent fungal infection. In adoptive T cell transfer, initial antigen-specific T cells are stimulated with fungal extracts.
Sorting of stimulated T cells via specific markers (e.g., CD154/CD137) is followed by further stimulation and clonal expansion of the fungus-specific T
cell population. Chimeric antigen receptors are produced containing the domains identified by target antigens (e.g., dectin-1 recognizes fungal B-
glucans), whereby upon attachment of these receptors to T cells, these fungus-specific antibodies are expanded. Administration of cytokines can

provide the optimal repertoire of immune cells to counter fungal infection

against vaginal candidiasis. In phase one of clinical trials on rats,
PEV7 demonstrated favorable efficacy and encouraging results
(310). NDV-3 vaccine constitutes C. albicans Als3p (agglutinin-
like sequence 3 protein) initially reported to exhibit protection
against C. albicans infection in mice. Phase 1 clinical trial showed
that 40 healthy individuals favorably tolerated NDV-3. Compared
to the placebo group, enhanced levels of IgG and IgA and increased
levels of IFNy and IL-17A by T cells were observed (311). These
results supported the organization of phase 1b/2a clinical trials for
NDV-3. Women with recurrent vaginal candidiasis were treated
with NDV-3, and the vaccine proved efficient and safe (312). PEV7
and NDV-3 vaccines are licensed to NovaDigm Therapeutics Inc.,
and the target is to introduce a multivalent fungal vaccine
conferring protection against C. albicans (310).

Recombinant antigen vaccine made up of Ag2/PRA (antigen 2/
PRA) and CSA (Coccidioides-specific antigen) has shown favorable
survival in mice suffering from coccidioidomycosis (313), caused by
the endemic fungi Coccidioides immitis in immune-competent
individuals in the southwestern United States and northwestern
Mexico. In 2006, a patent was granted for Ag2/PRA1-106 as a
vaccine antigen candidate (307).

Pan fungal vaccines that can potentially target several clinically
relevant fungi are yet to reach clinical trials. Derived from the KEX1
sequence that is conserved in numerous pathogenic fungi, NXT-2, a
recombinant peptide vaccine, has exhibited increased protection
against invasive aspergillosis, systemic candidiasis, and
Pneumocystosis in murine and nonhuman primates (314). Pan
fungal vaccine based on B-glucan (i.e., CRM197) has demonstrated
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efficacious protection against C. albicans and A. fumigatus in mice
(315, 316). As B-glucan is known to induce trained immunity, pan
vaccines based on B-glucan can potentially protect against other
infectious agents, such as Mycobacterium tuberculosis (277).

Strategies enhancing immune
response, management, and
addressing challenges related to
fungal infection in organ transplant

Mechanisms for detection of
fungal infection

Early diagnosis is crucial for developing therapeutic strategies
for immune-compromised organ transplant recipients. Generally,
detecting fungal infections involves evaluating individuals at risk,
microbiological evidence, and suspicious assessments in a clinical
setting. Radiographic imaging is also required in cases where the
possibility of deep penetration of pathogen is to be assessed, for
example, in cases of lungs (317). The gold standard for diagnosis is
direct detection (i.e., histology of infected tissue or culture from a
sterile place). However, its unavailability or lack of sensitivity poses
limitations. Cultural growth assay from nonsterile sites also poses
limitations as it is difficult to elucidate between infection that is
either colonized or an invasive infection. Testing is possible for
fungal antigens using 1,3-3-D-glucan from serum, galactomannan
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from serum or BAL, or antigen detection by lateral flow device
assays from BAL specifically for Aspergillus (318, 319). Conclusive
interpretation is only possible when data from mycological tests is
considered cumulatively with evidence from clinical and
radiological evaluations.

Candida pathogens are most commonly (C. albicans, C. glabrata,
C. tropicalis, and C. krusei) determined by a T2 Candida assay (T2
Biosystems). An FDA-approved test has shown 89-91% and 99%
sensitivity and selectivity in clinical trials upon assessing whole blood
samples (320, 321). Owing to the NPV (strong negative predictive
value), this test is beneficial in withholding or discontinuing treatment
decisions. C auris’s precise detection via TagMan real-time PCR assay
is an important diagnostic tool (322). Similarly, specific TagMan
Real-Time PCR can detect very low tier of A. fumigatus (323). LED
(lateral-flow device) is a recent reliable diagnostic tool in the case of
IA (324) (325), detecting glycoproteins antigen in serum and BAL of
patients. The cost-effectiveness, ease of use, and short detection time
make this technique promising (326). Additionally, in consortium
with quantitative PCR, invasive pulmonary aspergillosis can be
detected (327). The drawback of LED is that when antifungal is
administered, LED sensitivity is hampered (328).

Immune responses and
immunotherapeutic interventions

When an invasive fungal infection is suspected based on the
relevant diagnostic tools, it is critical to initiate an early pre-emptive
therapy to avoid worsening clinical outcomes.

For Candida infections, three classes of antifungal agents are
present. These are azoles (fluconazole, voriconazole, posaconazole
and isavuconazole); echinocandins (anidulafungin, caspofungin
and micafungin); and polyenes (amphotericin B deoxycholate and
lipid formulations of amphotericin B). Developing an empirical
therapy for SOT patients with either suspension or confirmation of
an IC infection is imperative to identify the prior exposure of
recipients to antifungal agents within the past 90 days and to avoid
resistance to the designed therapy (329, 330). The results of
randomized clinical trials comparing amphotericin B, fluconazole,
and isavuconazole (331-333) led the Infectious Diseases Society of
America to put forward treatment guidelines for candidemia and
other types of IC (334). According to these recommendations,
Echinocandins should be administered as the first therapeutic
agent. Micafungin and caspofungin have shown similar clinical
safety and efficacy (335). In comparative clinical studies with
amphotericin B, where individuals were stable or unlikely infected
with fluconazole-resistant or voriconazole-resistant pathogens,
antifungal Fluconazole and voriconazole were considered effective
alternatives (336-338). In cases where additional support against
mold infection is required, voriconazole can be used. For SOT
patients with high fever, Candida colonization, and other risk
factors, fluconazole is favored for hemodynamically stable
patients, whereas echinocandin is preferred for critically ill
patients for two weeks (334). In SOT patients with kidney
transplants, no therapy is required for Candiduria (no associated
symptoms seen), although a ureteric stent is administered (339).
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According to international guidelines, in the case of IA,
Voriconazole is the first choice (340, 341). In SOT recipients,
however, Voriconazole use is limited by possible drug-drug
interactions mainly when immune-suppressive drugs are
administered, for example, cyclosporine, tacrolimus, and
sirolimus (342-345). Due to hepatotoxicity and neurological
symptoms, voriconazole is often not the choice in clinical practice
for early post-SOT recipients and liver transplant recipients (346).
International guidelines have also recommended Isavuconazole for
treating TA (340, 347). It demonstrates a lower level of toxicities in
the liver, neurological symptoms, and less drug-drug interaction
with tacrolimus and sirolimus, for example (348). Early on SOT
recipients, particularly of liver and kidney transplants,
Isavuconazole demonstrates promising potential as drug
interactions and toxicities can be significantly reduced. The
second line of treatment for IA consists of L-AmB (Liposomal
amphotericin B). However, it is recommended in cases where
treatment with triazole has been contraindicated (340, 347). SOT
recipients with IA can be administered echinocandins according to
the ESCMID-ECMM-ERS guidelines as a prophylaxis and
conjunction infection treatment (347).

Antifungal prophylaxis

Antifungal agent administration to all transplant recipients
constitutes universal prophylaxis. A group of recipients
predisposed to a higher risk of acquiring infection can be
administered with targeted prophylaxis. Ideal candidate agents
would have no drug-to-drug interactions and a cheap and
clinically relevant efficacy and safety profile.

Randomized controlled trials for liver transplant recipients with
fungal infection demonstrated that fluconazole (dose ranges from
100 to 400 mg/daily) could decrease mainly Candida infections (349,
350). Clinical studies have shown that amphotericin B at low dosage
(1 mg/kg/day) as a targeted prophylaxis and echinocandins reduce
IC efficiently (351-353). Meta-analysis has shown that the regular
use of fluconazole or amphotericin B prophylaxis resulted in a
decrease in IFI incidences post-liver transplantation (354). Liver
transplant recipients should be preferably administered fluconazole
owing to affordability, efficacy, and ease of administration (355). In
the case of pancreas and kidney transplantation, fluconazole should
be administered as a prophylactic if any risk factors are observed;
these can be enteric drainage, vascular thrombosis, or post-perfusion
pancreatitis (356). Other prophylactic agents can be used for non-C
albicans species prevalence. Regular prophylaxis is not advised as the
incidences of IC are very low after kidney transplantation. Similar is
the case for heart transplant recipients (357).

The aerosolized amphotericin B lipid complex is effective
prophylaxis when routinely used till 18 days post-surgery (358).
Lung transplant recipients have been recommended pre-emptive
therapy, whereas, for liver and heart transplant recipients, target
prophylaxis is advised for IA infections (341). Most information
regarding prophylaxis and pre-emptive therapy for IA is currently
established from retrospective cohort and case-control studies.
Support for combination therapy for IA has been demonstrated
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in an elaborate double-blind, placebo-controlled multi-center trial
where voriconazole and anidulafungin with voriconazole
monotherapy were compared (359). Combination therapy has
been reported to constitute the standard treatment for invasive
aspergillosis for SOT recipients across Europe (360).

Predicting techniques, management, and
follow-up of fungal infection

The key role of TDM (therapeutic drug monitoring) is
establishing the therapeutic drug level that optimizes prevention
and treatment and simultaneously avoids azole toxicity for clinical
success. Azoles contribute to drug-drug interactions, particularly
with CNI (calcineurin inhibitors). Thus, it is postulated that it is
important to monitor CNI levels during the initial days of azole
therapy and post-azole therapy (361). The guidelines for IFI have
recommended TDM for voriconazole and posaconazole (334, 362).
Many researchers have focused on evaluating Aspergillus infections
where IC has not been assessed. One research has taken the data and
deduced IFI in general as an outcome (357). It recommended that
the plasma trough concentration be determined when azole levels are
at a steady state, which in most cases is five days for voriconazole and
seven days for posaconazole (363, 364). There is insufficient
information to recommend regular TDM for isavuconazole.

Management of IFI is crucial as breakthrough IFI that are
resistant to the antifungal drugs pose a serious limitation.
Although less research data addresses the issue of breakthrough
IFI, one study, in particular, has shown breakthrough IFI in
recipients of lung transplants who were under antifungal
prophylaxis treatment (358). IFI breakthrough of SOT recipients
is attributed to numerous factors, including the local
epidemiological landscape. A. calidoustus is the major pathogen
leading to breakthrough IFI, including SOT recipients (365). Based
on the impact of breakthrough IFI on high mortality and failure in
treatment, it is important in an individualized approach to examine
the local epidemiology, management of antifungal therapy, and
clinical setting according to the recommendations (340).

In IFL, where signatures of infection are rare and unspecific, for
example, in cases of IA, follow-up is mainly done on radiological
response and monitoring serum GM EIA level decline. Radiological
imaging should be monitored consistently until other makers
demonstrate improvement. GM EIA testing in SOT recipients is
also executed. However, the values for the level are yet to be
confirmed. In cases of IA, reports have shown that in only one-
third of SOT recipients, GM EIA tests were positive (366).

Prevention, systemic evaluation, and
recommendations- fungal infection
in recipients

Guidelines by the CDC (Centers for Disease Control and

Prevention) include recommendations that exposure of high-risk
patients to potential fungal pathogens should be minimal. SOT
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recipients are advised to wear masks upon transportation in high-
risk areas. Antifungal agent efficacy in high-risk conditions, for
example, in hospitals with fungal infection or high levels of spores,
is yet to be accurately determined. In instances where high
nosocomial environmental exposure is prevalent (367), for SOT
patients, it is recommended that all transplant recipients are treated
with antifungal prophylaxis (368). Another preventative strategy
includes microbial screening for fungal infection for both donor and
recipient (369). Without highly sensitive and specific diagnostic
tools, identifying invasive fungal infections (IFI) in solid organ
transplant (SOT) recipients necessitates a comprehensive systemic
evaluation. Each category of SOT recipient, such as heart, lung,
liver, or kidney transplant recipients, exhibits varying degrees of
susceptibility to infection and may be influenced by distinct
risk factors.

AFS (Antifungal stewardship) in solid organ transplant
application can develop advancement in antifungal regimens.
Implementation of AFS in hospital policies can facilitate IFI
management and treatment. The main aims and regular
evaluations should be established, i.e., diagnostic strategy,
antifungal type, duration, and dosage. Identification of high-risk
patients and simultaneously exclusive approaches should be in place
to minimize risk (370). Recommendations in clinical settings
should be based on published reports and follow international
guidelines. The One World One Guideline initiative presents
recommendations and guidelines on the management of
mucormycosis (371), rare molds (153), rare yeasts (372), and
endemic mycoses (373). The local antifungal regimens can be
modified as per these guidelines. The American Society of
Transplantation Infectious Diseases Community of Practice also
details guidelines in the context of SOT (20, 357).

Challenges associated with present
strategies- treatment interactions

It is estimated that the value of a fungal vaccine, from the
concept’s inception to development and finally entering the market,
is around 200-500 million dollars over ten years (374). Past decades
have seen tremendous efforts in understanding the interactions
between fungal infection and immune responses. However, the
development of antifungal agents has been critically slow. As fungi
and humans are related from an evolutionary point of view, the
possibility of toxicity and limited specific fungi targets pose
drawbacks. A transplant recipient will be subject to administering
immunosuppressive and prophylaxis agents to avoid organ rejection
and fungal infection. Results demonstrate that the cumulative effect of
these agents can lead to a decrease in microbial pathogens (375).
However, adversely, the interaction of the agents will affect the
pharmacokinetics and toxicity, resulting in poor clinical outcomes.
Antifungal agents have also been associated with drug-resistant
fungal infections in transplant facilities. The transmission of
airborne Pneumocystis jirovecii fungi from human to human can
pose a threat due to drug resistance (376). Another challenge is the
imbalance in the microbiota of the recipient seen in the case of
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hematopoietic stem-cell transplants upon administration of
antibacterial, antioxoplasma, and antifungal prophylaxis. The
disrupted microbiota balance can cause some fungi species or
isolates to resist antifungal agents. These then can invade the blood
and develop lethal invasive infections (377). Current recommended
regimens are hence challenged as less susceptibility to present
treatments, such as azoles and echinocandins [301], modulating the
fungi’s epidemiology. It also results in the emergence of new species
regarding organ transplants, for example, C. auris (378).

Future perspective

Evaluating present understanding and
challenges in immune-fungal interactions
in current therapies

The present understanding of immune-fungal interactions has
paved the way for developing various antifungal agents. Expanding
a repertoire of antifungals that can be administered independently
or with prophylactic vaccines, other antifungal agents, and
immune-base adjunctive therapies is crucial in immune-
compromised patients and organ transplant recipients. The
complete understanding of immune cells and fungal interactions
in the present therapeutic setting is complicated. Early diagnosis of
FI is still challenging, and tools to identify the shift of a fungal
species or strain into pathogenic and invasive characteristic is yet to
be seen. In the clinical setting, it is important to consider the local
epidemiology, risk assessment of patients, drug-to-drug
interactions, and the possibility of breakthrough infection.

Future directions to improve recipient
outcomes concerning fungal infection
post-transplant

A major challenge that needs to be addressed is to evaluate with
precision the effects of present immunosuppressive regimens on the
emergence of particular IFIs. The antifungal properties of the
immunosuppressive agent can disrupt the microbiota by promoting
the selection of certain fungi species, thereby causing acquired
resistance. One of the most frequently used immunosuppressive
mycophenolate mofetil, having established antifungal properties,
can contribute to organ transplantation to eliminate commensal
and unwanted fungal species or isolates. This immunosuppressive
will consequently favor the invasive and mycophenolic acid-resistant
species (379), hence could lead to invasive fungal infection burden,
for example, in kidney recipients (380). After validation, this
treatment direction can potentially lead to the development of
molecular signatures of fungal resistance to immunosuppressants,
which can be used as detecting tools to forecast clinical outcomes.
Furthermore, the prophylactic regimens can be orchestrated to
improve the clinical outcome for transplant recipients.

Advancements in understanding, technology, and future
perspective should improve the currently recommended
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guidelines and protocols for therapeutic prophylaxis, thereby
minimizing the risks of IFIs. From a global standpoint,
understanding and unraveling the local ecology can help to
identify the antifungal agent in that particular environment. TDM
and modifying the dose for antifungal stewardship in organ
recipients. Other factors, including environmental preventive
measures and chemoprophylaxis, can be anticipated in specific
circumstances. More research should also focus on developing
antimicrobial agents with less toxicity and drug-drug interactions.
Other potential routes of drug administration should be evaluated
to maintain the balance of gut microbiota. The latest technologies
allow high-throughput or deep-sequencing approaches to be
utilized as tools for the early detection of imbalances in the
microbiota. The cumulative essence of these strategies is to enable
us to move forward in developing a personalized therapeutic
regimen for organ transplant recipients against IFIs.

Concluding remarks

Clinical presentation at the earliest for IFI in SOT patients is
critical yet poses challenges owing to its unspecific and
heterogeneous nature. Previously, most therapies targeted
adaptive immune responses; however, in the last several years,
innate immune responses in organ transplants have come into
the limelight. This shifting paradigm highlights the role of trained
immunity in graft rejection in animal models. Nevertheless, data
from human sources is pending. Hence, it is important to elucidate
trained immunity in the short-term outcome of graft function and
the long-term outcome of graft survival. The possibility of
inhibiting innate immune response targets will promote organ
survival and potentially limit the use of immune suppression in
transplant patients. Immuno-modulating treatments that are
efficient, safe, and pose a reduced risk of resistance have shown
great potential. However, these are limited to preclinical and early
clinical trials. Population-based studies have comprehensively
detailed the role of various factors, including antifungal
prophylaxis, in the late onset of IFI.

Furthermore, optimizing protocols for administering
therapeutic prophylaxis currently in practice in clinics will
significantly benefit the overall outcome of the recipients.
Research work in the past decade expands our understanding of
the immense diversity in fungi species and addresses challenges
associated with their characterization. Yet, it is still insufficient.
Hence, it is vital to develop a comprehensive knowledge of the
mechanisms whereby genetic and epigenetic factors modulate traits
of fungi invasiveness and their interplay immune responses in organ
transplant recipients. In recent years, the development of advanced
dimensionality of single-cell technologies, including cytometry by
time-of-flight (CyTOF) or mass cytometry and scRNA-seq/
snRNAseq have paved the way to improve our understanding
regarding potential biomarkers and immune responses in organ
transplant tolerance and rejection. Machine-based learning can be
integrated with these technologies and provide information that can
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lead us to define markers of potential therapy and the progression of
pathological conditions.

Author contributions

AE: Conceptualization, Data curation, Methodology,
Supervision, Writing - original draft, Writing - review and
editing. HE: Writing - original draft, Writing - review and
editing. AR: Writing - original draft, Writing - review and editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

References

1. Elalouf A. Infections after organ transplantation and immune response’.
Transplant Immunol (2023) 77:101798. doi: 10.1016/j.trim.2023.101798

2. Paul CN. Skin grafting in burns. Wounds (2008) 20:199-202.

3. Linden PK. History of solid organ transplantation and organ donation. Crit Care
Clin (2009) 25:165-84. doi: 10.1016/j.ccc.2008.12.001

4. Adenwalla HS, Bhattacharya S. Dr. Joseph E. Murray. Indian ] Plast Surg (2012)
45(3):596-7. doi: 10.4103/0970-0358.106002

5. Bunea M-C, Diculescu V-C, Enculescu M, Oprea D, Enache TA. Influence of the
photodegradation of azathioprine on dna and cells. Int ] Of Mol Sci (2022) 23:14438.
doi: 10.3390/ijms232214438

6. Nordham KD, Ninokawa S. The history of organ transplantation. Proc (Bayl Univ
Med Cent) (2022) 35:124-8. doi: 10.1080/08998280.2021.1985889

7. Colombo D, Ammirati E. Cyclosporine in transplantation - A history of
converging timelines. ] Biol Regul Homeost Agents (2011) 25:493-504.

8. Tedesco D, Haragsim L. Cyclosporine: A review. J Of Transplant (2012)
2012:230386. doi: 10.1155/2012/230386

9. Bezinover D, Saner F. Organ transplantation in the modern era. BMC Anesthesiol
(2019) 19:32. doi: 10.1186/s12871-019-0704-z

10. Li Q, Lan P. Activation of immune signals during organ transplantation. Signal
Transduction And Targeted Ther (2023) 8:110. doi: 10.1038/s41392-023-01377-9

11. Pinezich M, Vunjak-Novakovic G. Bioengineering approaches to organ
preservation ex vivo. Exp Biol Med (Maywood) (2019) 244:630-45. doi: 10.1177/
1535370219834498

12. Weissenbacher A, Vrakas G, Nasralla D, Ceresa CDL. The future of organ
perfusion and re-conditioning. Transpl Int (2019) 32:586-97. doi: 10.1111/tri.13441

13. Hosgood SA, Hoff M, Nicholson ML. Treatment of transplant kidneys during
machine perfusion. Transpl Int (2021) 34:224-32. doi: 10.1111/tri.13751

14. Homan KA, Gupta N, Kroll KT, Kolesky DB, Skylar-Scott M, Miyoshi T, et al.
Flow-enhanced vascularization and maturation of kidney organoids in vitro. Nat
Methods (2019) 16:255-62. doi: 10.1038/s41592-019-0325-y

15. Hoogduijn M]J, Montserrat N, van der Laan LJW, Dazzi F, Perico N, Kastrup J,
et al. The emergence of regenerative medicine in organ transplantation: 1st european
cell therapy and organ regeneration section meeting. Transplant Int (2020) 33:833-40.
doi: 10.1111/tri.13608

16. Shah AM, Han JJ. First successful porcine to human heart transplantation
performed in the United States. Artif Organs (2022) 46:543-5. doi: 10.1111/a0r.14203

17. Arabi TZ, Sabbah BN, Lerman A, Zhu XY, Lerman LO. Xenotransplantation:
current challenges and emerging solutions. Cell Transplant (2023)
32:9636897221148771. doi: 10.1177/09636897221148771

18. Eisenson DL, Hisadome Y, Yamada K. Progress in xenotransplantation:
immunologic barriers, advances in gene editing, and successful tolerance induction
strategies in pig-to-primate transplantation. Front Immunol (2022) 13:899657. doi:
10.3389/fimmu.2022.899657

19. Khan A, El-Charabaty E, El-Sayegh S. Fungal infections in renal transplant
patients. ] Of Clin Med Res (2015) 7:371. doi: 10.14740/jocmr2104w

Frontiers in Immunology

10.3389/fimmu.2023.1292625

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

20. Miller R, Assi M. Endemic fungal infections in solid organ transplant recipients-
guidelines from the american society of transplantation infectious diseases community
of practice. Clin Transplant (2019) 33:E13553. doi: 10.1111/ctr.13553

21. Parajuli S, Wick A, Pandeya S, Astor BC, Smith J, Djamali A, et al. The feared five
fungal infections in kidney transplant recipients: A single-center 20-year experience.
Clin Transplant (2018) 32:E13289. doi: 10.1111/ctr.13289

22. Leitheiser S, Harner A, Waller JL, Turrentine J, Baer S, Kheda M, et al. Risk
factors associated with invasive fungal infections in kidney transplant patients. Am J Of
Med Sci (2020) 359:108-16. doi: 10.1016/j.amjms.2019.10.008

23. Agrawal A, Ison MG, Danziger-Isakov L. Long-term infectious complications of
kidney transplantation. Clin ] Of Am Soc Of Nephrol (2022) 17:286-95. doi: 10.2215/
CJN.15971020

24. Kreisel D, Sugimoto S, Zhu J, Nava R, Li W, Okazaki M, et al. Emergency
granulopoiesis promotes neutrophil-dendritic cell encounters that prevent mouse lung
allograft acceptance. Blood (2011) 118:6172-82. doi: 10.1182/blood-2011-04-347823

25. Braza F, Brouard S, Chadban S, Goldstein DR. Role of tlrs and damps in allograft
inflammation and transplant outcomes. Nat Rev Nephrol (2016) 12:281-90. doi:
10.1038/nrneph.2016.41

26. Ochando J, Ordikhani F, Boros P, Jordan S. The innate immune response to
allotransplants: mechanisms and therapeutic potentials. Cell Mol Immunol (2019)
16:350-6. doi: 10.1038/s41423-019-0216-2

27. Li W, Feng G, Gauthier JM, Lokshina I, Higashikubo R, Evans S, et al.
Ferroptotic cell death and tlr4/trif signaling initiate neutrophil recruitment after
heart transplantation. J Of Clin Invest (2019) 129:2293-304. doi: 10.1172/JCI126428

28. Chong AS, Alegre ML. The impact of infection and tissue damage in solid-organ
transplantation. Nat Rev Immunol (2012) 12:459-71. doi: 10.1038/nri3215

29. Zhuang Q, Lakkis FG. Dendritic cells and innate immunity in kidney
transplantation. Kidney Int (2015) 87:712-8. doi: 10.1038/ki.2014.430

30. Ochando ], Fayad ZA, Madsen JC, Netea MG, Mulder WJM. Trained immunity
in organ transplantation. Am J Transplant (2020) 20:10-8. doi: 10.1111/ajt.15620

31. Braza MS, Van Leent MMT, Lameijer M, Sanchez-Gaytan BL, Arts RJW, Pérez-
Medina C, et al. Inhibiting inflammation with myeloid cell-specific nanobiologics
promotes organ transplant acceptance. Immunity (2018) 49:819-828.E6. doi: 10.1016/
j.immuni.2018.09.008

32. Lin Y, Vandeputte M, Waer M. Natural killer cell- and macrophage-mediated
rejection of concordant xenografts in the absence of T and B cell responses. J Immunol
(1997) 158:5658-67. doi: 10.4049/jimmunol.158.12.5658

33. Al-Mohanna FA, Collison KS, Allen SP, Stern D, Yacoub MH. Naive neutrophils
and xenotransplantation. Lancet (1996) 348. doi: 10.1016/S0140-6736(05)65524-9

34. Shimizu A, Yamada K, Robson SC, Sachs DH, Colvin RB. Pathologic
characteristics of transplanted kidney xenografts. ] Am Soc Nephrol (2012) 23:225-
35. doi: 10.1681/ASN.2011040429

35. Uchida Y, Freitas MC, Zhao D, Busuttil RW, Kupiec-Weglinski JW. The
protective function of neutrophil elastase inhibitor in liver ischemia/reperfusion
injury. Transplantation (2010) 89:1050-6. doi: 10.1097/TP.0b013e3181d45a98

36. Kashir J, Ambia AR, Shafqat A, Sajid MR, Alkattan K, Yaginuddin A. Scientific
premise for the involvement of neutrophil extracellular traps (Nets) in vaccine-induced

frontiersin.org


https://doi.org/10.1016/j.trim.2023.101798
https://doi.org/10.1016/j.ccc.2008.12.001
https://doi.org/10.4103/0970-0358.106002
https://doi.org/10.3390/ijms232214438
https://doi.org/10.1080/08998280.2021.1985889
https://doi.org/10.1155/2012/230386
https://doi.org/10.1186/s12871-019-0704-z
https://doi.org/10.1038/s41392-023-01377-9
https://doi.org/10.1177/1535370219834498
https://doi.org/10.1177/1535370219834498
https://doi.org/10.1111/tri.13441
https://doi.org/10.1111/tri.13751
https://doi.org/10.1038/s41592-019-0325-y
https://doi.org/10.1111/tri.13608
https://doi.org/10.1111/aor.14203
https://doi.org/10.1177/09636897221148771
https://doi.org/10.3389/fimmu.2022.899657
https://doi.org/10.14740/jocmr2104w
https://doi.org/10.1111/ctr.13553
https://doi.org/10.1111/ctr.13289
https://doi.org/10.1016/j.amjms.2019.10.008
https://doi.org/10.2215/CJN.15971020
https://doi.org/10.2215/CJN.15971020
https://doi.org/10.1182/blood-2011-04-347823
https://doi.org/10.1038/nrneph.2016.41
https://doi.org/10.1038/s41423-019-0216-2
https://doi.org/10.1172/JCI126428
https://doi.org/10.1038/nri3215
https://doi.org/10.1038/ki.2014.430
https://doi.org/10.1111/ajt.15620
https://doi.org/10.1016/j.immuni.2018.09.008
https://doi.org/10.1016/j.immuni.2018.09.008
https://doi.org/10.4049/jimmunol.158.12.5658
https://doi.org/10.1016/S0140-6736(05)65524-9
https://doi.org/10.1681/ASN.2011040429
https://doi.org/10.1097/TP.0b013e3181d45a98
https://doi.org/10.3389/fimmu.2023.1292625
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Elalouf et al.

thrombotic thrombocytopenia (Vitt). J Leukoc Biol (2022) 111:725-34. doi: 10.1002/
JLB.5COVR0621-320RR

37. Long EO, Kim HS, Liu D, Peterson ME, Rajagopalan S. Controlling natural killer
cell responses: integration of signals for activation and inhibition. Annu Rev Immunol
(2013) 31:227-58. doi: 10.1146/annurev-immunol-020711-075005

38. Matter-Reissmann UB, Forte P, Schneider MK, Filgueira L, Groscurth P, Seebach
JD. Xenogeneic human nk cytotoxicity against porcine endothelial cells is perforin/
granzyme B dependent and not inhibited by bcl-2 overexpression. Xenotransplantation
(2002) 9:325-37. doi: 10.1034/j.1399-3089.2002.01074.x

39. Lu T, Yang B, Wang R, Qin C. Xenotransplantation: current status in preclinical
research. Front Immunol (2019) 10. doi: 10.3389/fimmu.2019.03060

40. Yang YG, Sykes M. Xenotransplantation: current status and A perspective on the
future. Nat Rev Immunol (2007) 7:519-31. doi: 10.1038/nri2099

41. Mohiuddin MM, Corcoran PC, Singh AK, Azimzadeh A, Hoyt RF]Jr., Thomas
ML, et al. B-cell depletion extends the survival of gtko.Hcd46tg Pig heart xenografts in
baboons for up to 8 months. Am J Transplant (2012) 12:763-71. doi: 10.1111/j.1600-
6143.2011.03846.x

42. Griesemer A, Yamada K, Sykes M. Xenotransplantation: immunological hurdles
and progress toward tolerance. Immunol Rev (2014) 258:241-58. doi: 10.1111/
imr.12152

43. Li Q, Shaikh S, Iwase H, Long C, Lee W, Zhang Z, et al. Carbohydrate antigen
expression and anti-pig antibodies in new world capuchin monkeys: relevance to
studies of xenotransplantation. Xenotransplantation (2019) 26:E12498. doi: 10.1111/
xen.12498

44. Oberbarnscheidt MH, Lakkis FG. Innate allorecognition. Immunol Rev (2014)
258:145-9. doi: 10.1111/imr.12153

45. Valujskikh A, Li XC. Frontiers in nephrology: T cell memory as A barrier to
transplant tolerance. ] Am Soc Nephrol (2007) 18:2252-61. doi: 10.1681/
ASN.2007020151

46. Demetris AJ, Adeyi O, Bellamy CO, Clouston A, Charlotte F, Czaja A, et al. Liver
biopsy interpretation for causes of late liver allograft dysfunction. Hepatology (2006)
44:489-501. doi: 10.1002/hep.21280

47. Brown K, Sacks SH, Wong W. Coexpression of donor peptide/recipient mhc
complex and intact donor mhc: evidence for A link between the direct and indirect
pathways. Am ] Transplant (2011) 11:826-31. doi: 10.1111/j.1600-6143.2011.03437.x

48. Wong YC, Mccaughan GW, Bowen DG, Bertolino P. The cd8 T-cell response
during tolerance induction in liver transplantation. Clin Transl Immunol (2016) 5:
E102. doi: 10.1038/cti.2016.53

49. Vignali DA, Collison LW, Workman CJ. How regulatory T cells work. Nat Rev
Immunol (2008) 8:523-32. doi: 10.1038/nri2343

50. Sojka DK, Huang YH, Fowell DJ. Mechanisms of regulatory T-cell suppression -
A diverse arsenal for A moving target. Immunology (2008) 124:13-22. doi: 10.1111/
j.1365-2567.2008.02813.x

51. Stephens LA, Mottet C, Mason D, Powrie F. Human cd4(+)Cd25(+) thymocytes
and peripheral T cells have immune suppressive activity in vitro. Eur ] Immunol (2001)
31:1247-54. doi: 10.1002/1521-4141(200104)31:4<1247::AID-IMMU1247>3.0.CO;2-M

52. Kingsley CI, Karim M, Bushell AR, Wood KJ. Cd25+Cd4+ Regulatory T cells
prevent graft rejection: ctla-4- and il-10-dependent immunoregulation of alloresponses.
J Immunol (2002) 168:1080-6. doi: 10.4049/jimmunol.168.3.1080

53. Marangoni F, Trifari S, Scaramuzza S, Panaroni C, Martino S, Notarangelo LD,
et al. Wasp regulates suppressor activity of human and murine cd4(+)Cd25(+)Foxp3
(+) natural regulatory T cells. ] Exp Med (2007) 204:369-80. doi: 10.1084/jem.20061334

54. Safinia N, Leech J, Hernandez-Fuentes M, Lechler R, Lombardi G. Promoting
transplantation tolerance; adoptive regulatory T cell therapy. Clin Exp Immunol (2013)
172:158-68. doi: 10.1111/cei.12052

55. Macdonald KN, Piret JM, Levings MK. Methods to manufacture regulatory T
cells for cell therapy. Clin Exp Immunol (2019) 197:52-63. doi: 10.1111/cei.13297

56. Sawitzki B, Harden PN, Reinke P, Moreau A, Hutchinson JA, Game DS, et al.
Regulatory cell therapy in kidney transplantation (The one study): A harmonised
design and analysis of seven non-randomised, single-arm, phase 1/2a trials. Lancet
(2020) 395:1627-39. doi: 10.1016/S0140-6736(20)30167-7

57. Romano M, Fanelli G, Albany CJ, Giganti G, Lombardi G. Past, present, and
future of regulatory T cell therapy in transplantation and autoimmunity. Front
Immunol (2019) 10:43. doi: 10.3389/fimmu.2019.00043

58. Boardman DA, Levings MK. Cancer immunotherapies repurposed for use in
autoimmunity. Nat BioMed Eng (2019) 3:259-63. doi: 10.1038/s41551-019-0359-6

59. Raffin C, Vo LT, Bluestone JA. T(Reg) cell-based therapies: challenges and
perspectives. Nat Rev Immunol (2020) 20:158-72. doi: 10.1038/s41577-019-0232-6

60. Dawson NA, Lamarche C, Hoeppli RE, Bergqvist P, Fung VC, Mciver E, et al.
Systematic testing and specificity mapping of alloantigen-specific chimeric antigen
receptors in regulatory T cells. JCI Insight (2019) 4. doi: 10.1172/jci.insight.123672

61. Macdonald KG, Hoeppli RE, Huang Q, Gillies J, Luciani DS, Orban PC, et al.
Alloantigen-specific regulatory T cells generated with A chimeric antigen receptor. J
Clin Invest (2016) 126:1413-24. doi: 10.1172/JCI82771

62. Boardman DA, Philippeos C, Fruhwirth GO, Ibrahim MA, Hannen RF, Cooper
D, et al. Expression of A chimeric antigen receptor specific for donor hla class I

Frontiers in Immunology

10.3389/fimmu.2023.1292625

enhances the potency of human regulatory T cells in preventing human skin transplant
rejection. Am J Transplant (2017) 17:931-43. doi: 10.1111/ajt.14185

63. Gatto D, Martin SW, Bessa J, Pellicioli E, Saudan P, Hinton HJ, et al. Regulation
of memory antibody levels: the role of persisting antigen versus plasma cell life span. J
Immunol (2007) 178:67-76. doi: 10.4049/jimmunol.178.1.67

64. Richards S, Watanabe C, Santos L, Craxton A, Clark EA. Regulation of B-cell
entry into the cell cycle. Immunol Rev (2008) 224:183-200. doi: 10.1111/j.1600-
065X.2008.00652.x

65. Kim PT, Demetris AJ, O’leary JG. Prevention and treatment of liver allograft
antibody-mediated rejection and the role of the “Two-hit hypothesis’. Curr Opin Organ
Transplant (2016) 21:209-18. doi: 10.1097/MOT.0000000000000275

66. Demetris AJ, Bellamy C, Hiibscher SG, O’leary ], Randhawa PS, Feng S, et al.
2016 comprehensive update of the banff working group on liver allograft pathology:
introduction of antibody-mediated rejection. Am J Transplant (2016) 16:2816-35. doi:
10.1111/ajt.13909

67. Divangahi M, Aaby P, Khader SA, Barreiro LB, Bekkering S, Chavakis T, et al.
Trained immunity, tolerance, priming and differentiation: distinct immunological
processes. Nat Immunol (2021) 22:2-6. doi: 10.1038/5s41590-020-00845-6

68. Kleinnijenhuis J, Quintin J, Preijers F, Benn CS, Joosten LA, Jacobs C, et al.
Long-lasting effects of bcg vaccination on both heterologous th1/th17 responses and
innate trained immunity. J Innate Immun (2014) 6:152-8. doi: 10.1159/000355628

69. Amores-Iniesta J, Barbera-Cremades M, Martinez CM, Pons JA, Revilla-Nuin B,
Martinez-Alarcon L, et al. Extracellular atp activates the nlrp3 inflammasome and is an
early danger signal of skin allograft rejection. Cell Rep (2017) 21:3414-26. doi: 10.1016/
j.celrep.2017.11.079

70. Barbera-Cremades M, Gomez Al, Baroja-Mazo A, Martinez-Alarcon L,
Martinez CM, De Torre-Minguela C, et al. P2x7 receptor induces tumor necrosis
factor-o. Converting enzyme activation and release to boost tnf-o. Production. Front
Immunol (2017) 8:862. doi: 10.3389/fimmu.2017.00862

71. Vergani A, Tezza S, D’addio F, Fotino C, Liu K, Niewczas M, et al. Long-term
heart transplant survival by targeting the ionotropic purinergic receptor P2x7.
Circulation (2013) 127:463-75. doi: 10.1161/CIRCULATIONAHA.112.123653

72. Batal I, Azzi ], Mounayar M, Abdoli R, Moore R, Lee JY, et al. The mechanisms
of up-regulation of dendritic cell activity by oxidative stress. ] Leukoc Biol (2014)
96:283-93. doi: 10.1189/j1b.3A0113-033RR

73. Solhjou Z, Uehara M, Bahmani B, Maarouf OH, Ichimura T, Brooks CR, et al.
Novel application of localized nanodelivery of anti-interleukin-6 protects organ
transplant from ischemia-reperfusion injuries. Am | Transplant (2017) 17:2326-37.
doi: 10.1111/ajt.14266

74. Garcia MR, Ledgerwood L, Yang Y, Xu J, Lal G, Burrell B, et al. Monocytic
suppressive cells mediate cardiovascular transplantation tolerance in mice. J Clin Invest
(2010) 120:2486-96. doi: 10.1172/]CI41628

75. Zecher D, Van Rooijen N, Rothstein DM, Shlomchik WD, Lakkis FG. An innate
response to allogeneic nonself mediated by monocytes. J Immunol (2009) 183:7810-6.
doi: 10.4049/jimmunol.0902194

76. Dai H, Friday AJ, Abou-Daya KI, Williams AL, Mortin-Toth S, Nicotra ML, et al.
Donor sirpot Polymorphism modulates the innate immune response to allogeneic
grafts. Sci Immunol (2017) 2:eaam6202. doi: 10.1126/sciimmunol.aam6202

77. Yang H, Hreggvidsdottir HS, Palmblad K, Wang H, Ochani M, Li J, et al. A
critical cysteine is required for hmgb1 binding to toll-like receptor 4 and activation of
macrophage cytokine release. Proc Natl Acad Sci U.S.A. (2010) 107:11942-7.
doi: 10.1073/pnas.1003893107

78. Thiagarajan PS, Yakubenko VP, Elsori DH, Yadav SP, Willard B, Tan CD, et al.
Vimentin is an endogenous ligand for the pattern recognition receptor dectin-1.
Cardiovasc Res (2013) 99:494-504. doi: 10.1093/cvr/cvt117

79. Azimzadeh AM, Pfeiffer S, Wu GS, Schréder C, Zhou H, Zorn GL 3rd, et al.
Humoral immunity to vimentin is associated with cardiac allograft injury in nonhuman
primates. Am ] Transplant (2005) 5:2349-59. doi: 10.1111/j.1600-6143.2005.01022.x

80. Huang Y, Yin H, Han J, Huang B, Xu J, Zheng F, et al. Extracellular hmgb1
functions as an innate immune-mediator implicated in murine cardiac allograft acute
rejection. Am ] Transplant (2007) 7:799-808. doi: 10.1111/j.1600-6143.2007.01734.x

81. Ochando J, Mulder WJM, Madsen JC, Netea MG, Duivenvoorden R. Trained
immunity — Basic concepts and contributions to immunopathology. Nat Rev Nephrol
(2023) 19:23-37. doi: 10.1038/s41581-022-00633-5

82. Dai H, Lan P, Zhao D, Abou-Daya K, Liu W, Chen W, et al. Pirs mediate innate
myeloid cell memory to nonself mhc molecules. Science (2020) 368:1122-7. doi:
10.1126/science.aax4040

83. Chavakis T, Mitroulis I, Hajishengallis G. Hematopoietic progenitor cells as
integrative hubs for adaptation to and fine-tuning of inflammation. Nat Immunol
(2019) 20:802-11. doi: 10.1038/s41590-019-0402-5

84. Medzhitov R, Janeway C Jr.nnate immune recognition: mechanisms and
pathways. Immunol Rev (2000) 173:89-97. doi: 10.1034/j.1600-065X.2000.917309.x

85. Bowdish DM, Loffredo MS, Mukhopadhyay S, Mantovani A, Gordon S.
Macrophage receptors implicated in the “Adaptive”. Form Of Innate Immunity.
Microbes Infect (2007) 9:1680-7. doi: 10.1016/j.micinf.2007.09.002

86. Netea MG, Quintin J, van der Meer JW. Trained immunity: A memory for innate
host defense. Cell Host Microbe (2011) 9:355-61. doi: 10.1016/j.chom.2011.04.006

frontiersin.org


https://doi.org/10.1002/JLB.5COVR0621-320RR
https://doi.org/10.1002/JLB.5COVR0621-320RR
https://doi.org/10.1146/annurev-immunol-020711-075005
https://doi.org/10.1034/j.1399-3089.2002.01074.x
https://doi.org/10.3389/fimmu.2019.03060
https://doi.org/10.1038/nri2099
https://doi.org/10.1111/j.1600-6143.2011.03846.x
https://doi.org/10.1111/j.1600-6143.2011.03846.x
https://doi.org/10.1111/imr.12152
https://doi.org/10.1111/imr.12152
https://doi.org/10.1111/xen.12498
https://doi.org/10.1111/xen.12498
https://doi.org/10.1111/imr.12153
https://doi.org/10.1681/ASN.2007020151
https://doi.org/10.1681/ASN.2007020151
https://doi.org/10.1002/hep.21280
https://doi.org/10.1111/j.1600-6143.2011.03437.x
https://doi.org/10.1038/cti.2016.53
https://doi.org/10.1038/nri2343
https://doi.org/10.1111/j.1365-2567.2008.02813.x
https://doi.org/10.1111/j.1365-2567.2008.02813.x
https://doi.org/10.1002/1521-4141(200104)31:4%3C1247::AID-IMMU1247%3E3.0.CO;2-M
https://doi.org/10.4049/jimmunol.168.3.1080
https://doi.org/10.1084/jem.20061334
https://doi.org/10.1111/cei.12052
https://doi.org/10.1111/cei.13297
https://doi.org/10.1016/S0140-6736(20)30167-7
https://doi.org/10.3389/fimmu.2019.00043
https://doi.org/10.1038/s41551-019-0359-6
https://doi.org/10.1038/s41577-019-0232-6
https://doi.org/10.1172/jci.insight.123672
https://doi.org/10.1172/JCI82771
https://doi.org/10.1111/ajt.14185
https://doi.org/10.4049/jimmunol.178.1.67
https://doi.org/10.1111/j.1600-065X.2008.00652.x
https://doi.org/10.1111/j.1600-065X.2008.00652.x
https://doi.org/10.1097/MOT.0000000000000275
https://doi.org/10.1111/ajt.13909
https://doi.org/10.1038/s41590-020-00845-6
https://doi.org/10.1159/000355628
https://doi.org/10.1016/j.celrep.2017.11.079
https://doi.org/10.1016/j.celrep.2017.11.079
https://doi.org/10.3389/fimmu.2017.00862
https://doi.org/10.1161/CIRCULATIONAHA.112.123653
https://doi.org/10.1189/jlb.3A0113-033RR
https://doi.org/10.1111/ajt.14266
https://doi.org/10.1172/JCI41628
https://doi.org/10.4049/jimmunol.0902194
https://doi.org/10.1126/sciimmunol.aam6202
https://doi.org/10.1073/pnas.1003893107
https://doi.org/10.1093/cvr/cvt117
https://doi.org/10.1111/j.1600-6143.2005.01022.x
https://doi.org/10.1111/j.1600-6143.2007.01734.x
https://doi.org/10.1038/s41581-022-00633-5
https://doi.org/10.1126/science.aax4040
https://doi.org/10.1038/s41590-019-0402-5
https://doi.org/10.1034/j.1600-065X.2000.917309.x
https://doi.org/10.1016/j.micinf.2007.09.002
https://doi.org/10.1016/j.chom.2011.04.006
https://doi.org/10.3389/fimmu.2023.1292625
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Elalouf et al.

87. Ahmed EB, Wang T, Daniels M, Alegre ML, Chong AS. II-6 induced by
staphylococcus aureus infection prevents the induction of skin allograft acceptance
in mice. Am J Transplant (2011) 11:936-46. doi: 10.1111/j.1600-6143.2011.03476.x

88. Kapetanovic R, Nahori MA, Balloy V, Fitting C, Philpott DJ, Cavaillon JM, et al.
Contribution of phagocytosis and intracellular sensing for cytokine production by
staphylococcus aureus-activated macrophages. Infect Immun (2007) 75:830-7. doi:
10.1128/IA1.01199-06

89. Shen H, Goldstein DR. Il-6 and tnf-alpha synergistically inhibit allograft
acceptance. ] Am Soc Nephrol (2009) 20:1032-40. doi: 10.1681/ASN.2008070778

90. Fishman JA. Infection in organ transplantation. Am J Transplant (2017) 17:856—-
79. doi: 10.1111/ajt.14208

91. Iwamoto M, Jernigan DB, Guasch A, Trepka M]J, Blackmore CG, Hellinger WC,
et al. Transmission of west nile virus from an organ donor to four transplant recipients.
New Engl ] Of Med (2003) 348:2196-203. doi: 10.1056/NEJM0a022987

92. Fishman JA. Infection in solid-organ transplant recipients. N Engl ] Med (2007)
357:2601-14. doi: 10.1056/NEJMra064928

93. Palacios G, Druce J, Du L, Tran T, Birch C, Briese T, et al. A new arenavirus in A
cluster of fatal transplant-associated diseases. N Engl ] Med (2008) 358:991-8. doi:
10.1056/NEJMoa073785

94. Fischer SA, Avery RK. Screening of donor and recipient prior to solid organ
transplantation. Am ] Transplant (2009) 9 Suppl 4:57-18. doi: 10.1111/j.1600-
6143.2009.02888.x

95. Grossi PA, Fishman JA. Donor-derived infections in solid organ transplant
recipients. Am J Transplant (2009) 9 Suppl 4:519-26. doi: 10.1111/1.1600-6143.2009.02889.x

96. Chin-Hong PV, Schwartz BS, Bern C, Montgomery SP, Kontak S, Kubak B, et al.
Screening and treatment of chagas disease in organ transplant recipients in the United
States: recommendations from the chagas in transplant working group. Am J
Transplant (2011) 11:672-80. doi: 10.1111/.1600-6143.2011.03444.x

97. Pietrosi G, Vizzini G, Pipitone L, Di Martino G, Minervini MI, Lo Iacono G, et al.
Primary and reactivated hhv8 infection and disease after liver transplantation: A
prospective study. Am J Transplant (2011) 11:2715-23. doi: 10.1111/j.1600-
6143.2011.03769.x

98. Fishman JA, Grossi PA. Donor-derived infection-the challenge for transplant
safety. Nat Rev Nephrol (2014) 10:663-72. doi: 10.1038/nrneph.2014.159

99. Ariza-Heredia EJ, Patel R, Blumberg EA, Walker RC, Lewis R, Evans J, et al.
Outcomes of transplantation using organs from A donor infected with klebsiella
pneumoniae carbapenemase (Kpc)-producing K. Pneumoniae. Transpl Infect Dis
(2012) 14:229-36. doi: 10.1111/j.1399-3062.2012.00742.x

100. Van Duin D, Van Delden C. Multidrug-resistant gram-negative bacteria
infections in solid organ transplantation. Am ] Transplant (2013) 13 Suppl 4:31-41.
doi: 10.1111/ajt.12096

101. Bergamasco MD, Barroso Barbosa M, De Oliveira Garcia D, Cipullo R, Moreira
JC, Baia C, et al. Infection with klebsiella pneumoniae carbapenemase (Kpc)-producing
K. Pneumoniae in solid organ transplantation. Transpl Infect Dis (2012) 14:198-205.
doi: 10.1111/j.1399-3062.2011.00688.x

102. Skagen CL, Jou JH, Said A. Risk of de novo hepatitis in liver recipients from
hepatitis-B core antibody-positive grafts - A systematic analysis. Clin Transplant (2011)
25:E243-9. doi: 10.1111/j.1399-0012.2011.01409.x

103. Chang MS, Olsen SK, Pichardo EM, Stiles JB, Rosenthal-Cogan L, Brubaker
WD, et al. Prevention of de novo hepatitis B in recipients of core antibody-positive
livers with lamivudine and other nucleos(T)Ides: A 12-year experience.
Transplantation (2013) 95:960-5. doi: 10.1097/TP.0b013e3182845f97

104. Wright AJ, Fishman JA, Chung RT. Lamivudine compared with newer
antivirals for prophylaxis of hepatitis B core antibody positive livers: A cost-
effectiveness analysis. Am ] Transplant (2014) 14:629-34. doi: 10.1111/ajt.12598

105. Lumbreras C, Sanz F, Gonzalez A, Péerez G, Ramos M]J, Aguado JM, et al.
Clinical significance of donor-unrecognized bacteremia in the outcome of solid-organ
transplant recipients. Clin Infect Dis (2001) 33:722-6. doi: 10.1086/322599

106. Singh N. Impact of donor bacteremia on outcome in organ transplant
recipients. Liver Transpl (2002) 8:975-6. doi: 10.1053/jlts.2002.0080975

107. D’albuquerque LA, Gonzalez AM, Filho HL, Copstein JL, Larrea FI, Mansero
JM, et al. Liver transplantation from deceased donors serologically positive for chagas
disease. Am J Transplant (2007) 7:680-4. doi: 10.1111/j.1600-6143.2007.01663.x

108. Nellore A, Fishman JA. The microbiome, systemic immune function, and
allotransplantation. Clin Microbiol Rev (2016) 29:191-9. doi: 10.1128/CMR.00063-15

109. Green M, Covington S, Taranto S, Wolfe C, Bell W, Biggins SW, et al. Donor-
derived transmission events in 2013: A report of the organ procurement transplant
network ad hoc disease transmission advisory committee. Transplantation (2015)
99:282-7. doi: 10.1097/TP.0000000000000584

110. Westall GP, Mifsud NA, Kotsimbos T. Linking cmv serostatus to episodes of
cmv reactivation following lung transplantation by measuring cmv-specific cd8+ T-cell
immunity. Am ] Transplant (2008) 8:1749-54. doi: 10.1111/j.1600-6143.2008.02294.x

111. Kumar D, Chernenko S, Moussa G, Cobas I, Manuel O, Preiksaitis J, et al. Cell-
mediated immunity to predict cytomegalovirus disease in high-risk solid organ
transplant recipients. Am ] Of Transplant (2009) 9:1214-22. doi: 10.1111/j.1600-
6143.2009.02618.x

Frontiers in Immunology

21

10.3389/fimmu.2023.1292625

112. Humar A, Snydman D. Cytomegalovirus in solid organ transplant recipients.
Am ] Transplant (2009) 9 Suppl 4:578-86. doi: 10.1111/j.1600-6143.2009.02897.x

113. Humar A, Limaye AP, Blumberg EA, Hauser IA, Vincenti F, Jardine AG, et al.
Extended valganciclovir prophylaxis in D+/R- kidney transplant recipients is associated
with long-term reduction in cytomegalovirus disease: two-year results of the impact
study. Transplantation (2010) 90:1427-31. doi: 10.1097/TP.0b013e3181ff1493

114. Palmer SM, Limaye AP, Banks M, Gallup D, Chapman J, Lawrence EC, et al.
Extended valganciclovir prophylaxis to prevent cytomegalovirus after lung
transplantation: A randomized, controlled trial. Ann Intern Med (2010) 152:761-9.
doi: 10.7326/0003-4819-152-12-201006150-00003

115. Fishman JA, Rubin RH. Infection in organ-transplant recipients. New Engl ] Of
Med (1998) 338:1741-51. doi: 10.1056/NEJM199806113382407

116. Wilck MB, Zuckerman RA. Herpes simplex virus in solid organ
transplantation. Am ] Transplant (2013) 13 Suppl 4:121-7. doi: 10.1111/ajt.12105

117. Hamaguchi Y, Mori A, Uemura T, Ogawa K, Fujimoto Y, Okajima H, et al.
Incidence and risk factors for herpes zoster in patients undergoing liver
transplantation. Transpl Infect Dis (2015) 17:671-8. doi: 10.1111/tid.12425

118. Mufoz P, Fernandez NS, Farifias MC. Epidemiology and risk factors of
infections after solid organ transplantation. Enfermedades Infecciosas Y Microbiologia
Clinica (2012) 30:10-8. doi: 10.1016/S0213-005X(12)70077-0

119. Fisher MC, Denning DW. The who fungal priority pathogens list as A game-
changer. Nat Rev Microbiol (2023) 21:211-2. doi: 10.1038/s41579-023-00861-x

120. Blackwell M. The fungi: 1, 2, 3... 5.1 million species? Am J Bot (2011) 98:426—
38. doi: 10.3732/ajb.1000298

121. Hawksworth DL, Liicking R. Fungal diversity revisited: 2.2 to 3.8 million
species. Microbiol Spectr (2017) 5:1-17. doi: 10.1128/microbiolspec. FUNK-0052-2016

122. James TY, Stajich JE, Hittinger CT, Rokas A. Toward A fully resolved fungal
tree of life. Annu Rev Microbiol (2020) 74:291-313. doi: 10.1146/annurev-micro-
022020-051835

123. Li Y, Steenwyk JL, Chang Y, Wang Y, James TY, Stajich JE, et al. A genome-
scale phylogeny of the kingdom fungi. Curr Biol (2021) 31:1653-1665.E5. doi: 10.1016/
j.cub.2021.01.074

124. Rokas A, Mead ME, Steenwyk JL, Oberlies NH, Goldman GH. Evolving moldy
murderers: aspergillus section fumigati as A model for studying the repeated evolution
of fungal pathogenicity. PloS Pathog (2020) 16:E1008315. doi: 10.1371/
journal.ppat.1008315

125. Mead ME, Knowles SL, Raja HA, Beattie SR, Kowalski CH, Steenwyk JL, et al.
Characterizing the pathogenic, genomic, and chemical traits of aspergillus fischeri, A
close relative of the major human fungal pathogen aspergillus fumigatus. Msphere
(2019) 4:e00018-19. doi: 10.1128/mSphere.00018-19

126. Steenwyk JL, Shen XX, Lind AL, Goldman GH, Rokas A. A robust
phylogenomic time tree for biotechnologically and medically important fungi in the
genera aspergillus and penicillium. Mbio (2019) 10:€00925-19. doi: 10.1128/
mBio.00925-19

127. Mead ME, Steenwyk JL, Silva LP, De Castro PA, Saced N, Hillmann F, et al. An
evolutionary genomic approach reveals both conserved and species-specific genetic
elements related to human disease in closely related aspergillus fungi. Genetics (2021)
218:iyab066. doi: 10.1093/genetics/iyab066

128. Gabaldon T, Naranjo-Ortiz MA, Marcet-Houben M. Evolutionary genomics of
yeast pathogens in the saccharomycotina. FEMS Yeast Res (2016) 16:fow064.
doi: 10.1093/femsyr/fow064

129. Opulente DA, Langdon QK, Buh KV, Haase MAB, Sylvester K, Moriarty RV,
et al. Pathogenic budding yeasts isolated outside of clinical settings. FEMS Yeast Res
(2019) 19:foz032. doi: 10.1093/femsyr/foz032

130. Singh-Babak SD, Babak T, Fraser HB, Johnson AD. Lineage-specific selection
and the evolution of virulence in the candida clade. Proc Natl Acad Sci U.S.A. (2021)
118:€2016818118. doi: 10.1073/pnas.2016818118

131. Hagen F, Lumbsch HT, Arsic Arsenijevic V, Badali H, Bertout S, Billmyre RB,
et al. Importance of resolving fungal nomenclature: the case of multiple pathogenic
species in the cryptococcus genus. Msphere (2017) 2:€00238-17. doi: 10.1128/
mSphere.00238-17

132. Kwon-Chung K], Bennett JE, Wickes BL, Meyer W, Cuomo CA, Wollenburg
KR, et al. The case for adopting the “Species complex” Nomenclature for the etiologic
agents of cryptococcosis. Msphere (2017) 2:e00357-16. doi: 10.1128/mSphere.00357-16

133. Sugui JA, Peterson SW, Figat A, Hansen B, Samson RA, Mellado E, et al.
Genetic relatedness versus biological compatibility between aspergillus fumigatus and
related species. J Clin Microbiol (2014) 52:3707-21. doi: 10.1128/JCM.01704-14

134. Hirakawa MP, Martinez DA, Sakthikumar S, Anderson MZ, Berlin A, Gujja S,
et al. Genetic and phenotypic intra-species variation in candida albicans. Genome Res
(2015) 25:413-25. doi: 10.1101/gr.174623.114

135. Wang JM, Woodruff AL, Dunn M]J, Fillinger R], Bennett RJ, Anderson MZ.
Intraspecies transcriptional profiling reveals key regulators of candida albicans
pathogenic traits. Mbio (2021) 12. doi: 10.1128/mBi0.00586-21

136. Dos Santos RAC, Steenwyk JL, Rivero-Menendez O, Mead ME, Silva LP, Bastos
RW, et al. Genomic and phenotypic heterogeneity of clinical isolates of the human
pathogens aspergillus fumigatus, aspergillus lentulus, and aspergillus fumigatiaffinis.
Front Genet (2020) 11:459. doi: 10.3389/fgene.2020.00459

frontiersin.org


https://doi.org/10.1111/j.1600-6143.2011.03476.x
https://doi.org/10.1128/IAI.01199-06
https://doi.org/10.1681/ASN.2008070778
https://doi.org/10.1111/ajt.14208
https://doi.org/10.1056/NEJMoa022987
https://doi.org/10.1056/NEJMra064928
https://doi.org/10.1056/NEJMoa073785
https://doi.org/10.1111/j.1600-6143.2009.02888.x
https://doi.org/10.1111/j.1600-6143.2009.02888.x
https://doi.org/10.1111/j.1600-6143.2009.02889.x
https://doi.org/10.1111/j.1600-6143.2011.03444.x
https://doi.org/10.1111/j.1600-6143.2011.03769.x
https://doi.org/10.1111/j.1600-6143.2011.03769.x
https://doi.org/10.1038/nrneph.2014.159
https://doi.org/10.1111/j.1399-3062.2012.00742.x
https://doi.org/10.1111/ajt.12096
https://doi.org/10.1111/j.1399-3062.2011.00688.x
https://doi.org/10.1111/j.1399-0012.2011.01409.x
https://doi.org/10.1097/TP.0b013e3182845f97
https://doi.org/10.1111/ajt.12598
https://doi.org/10.1086/322599
https://doi.org/10.1053/jlts.2002.0080975
https://doi.org/10.1111/j.1600-6143.2007.01663.x
https://doi.org/10.1128/CMR.00063-15
https://doi.org/10.1097/TP.0000000000000584
https://doi.org/10.1111/j.1600-6143.2008.02294.x
https://doi.org/10.1111/j.1600-6143.2009.02618.x
https://doi.org/10.1111/j.1600-6143.2009.02618.x
https://doi.org/10.1111/j.1600-6143.2009.02897.x
https://doi.org/10.1097/TP.0b013e3181ff1493
https://doi.org/10.7326/0003-4819-152-12-201006150-00003
https://doi.org/10.1056/NEJM199806113382407
https://doi.org/10.1111/ajt.12105
https://doi.org/10.1111/tid.12425
https://doi.org/10.1016/S0213-005X(12)70077-0
https://doi.org/10.1038/s41579-023-00861-x
https://doi.org/10.3732/ajb.1000298
https://doi.org/10.1128/microbiolspec.FUNK-0052-2016
https://doi.org/10.1146/annurev-micro-022020-051835
https://doi.org/10.1146/annurev-micro-022020-051835
https://doi.org/10.1016/j.cub.2021.01.074
https://doi.org/10.1016/j.cub.2021.01.074
https://doi.org/10.1371/journal.ppat.1008315
https://doi.org/10.1371/journal.ppat.1008315
https://doi.org/10.1128/mSphere.00018-19
https://doi.org/10.1128/mBio.00925-19
https://doi.org/10.1128/mBio.00925-19
https://doi.org/10.1093/genetics/iyab066
https://doi.org/10.1093/femsyr/fow064
https://doi.org/10.1093/femsyr/foz032
https://doi.org/10.1073/pnas.2016818118
https://doi.org/10.1128/mSphere.00238-17
https://doi.org/10.1128/mSphere.00238-17
https://doi.org/10.1128/mSphere.00357-16
https://doi.org/10.1128/JCM.01704-14
https://doi.org/10.1101/gr.174623.114
https://doi.org/10.1128/mBio.00586-21
https://doi.org/10.3389/fgene.2020.00459
https://doi.org/10.3389/fimmu.2023.1292625
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Elalouf et al.

137. Jackson AP, Gamble JA, Yeomans T, Moran GP, Saunders D, Harris D, et al.
Comparative genomics of the fungal pathogens candida dubliniensis and candida
albicans. Genome Res (2009) 19:2231-44. doi: 10.1101/gr.097501.109

138. Denning DW, Evans EG, Kibbler CC, Richardson MD, Roberts MM, Rogers
TR, et al. Guidelines for the investigation of invasive fungal infections in
haematological Malignancy and solid organ transplantation. British society for
medical mycology. Eur ] Clin Microbiol Infect Dis (1997) 16:424-36. doi: 10.1007/
BF02471906

139. Marik PE. Fungal infections in solid organ transplantation. Expert Opin
Pharmacother (2006) 7:297-305. doi: 10.1517/14656566.7.3.297

140. Gabardi S, Kubiak DW, Chandraker AK, Tullius SG. Invasive fungal infections
and antifungal therapies in solid organ transplant recipients. Transpl Int (2007) 20:993-
1015. doi: 10.1111/j.1432-2277.2007.00511.x

141. Neofytos D, Fishman JA, Horn D, Anaissie E, Chang CH, Olyaei A,
et al. Epidemiology and outcome of invasive fungal infections in solid organ
transplant recipients. Transpl Infect Dis (2010) 12:220-9. doi: 10.1111/j.1399-
3062.2010.00492.x

142. Pappas PG, Alexander BD, Andes DR, Hadley S, Kauffman CA, Freifeld A, et al.
Invasive fungal infections among organ transplant recipients: results of the transplant-
associated infection surveillance network (Transnet). Clin Infect Dis (2010) 50:1101-11.
doi: 10.1086/651262

143. Hosseini-Moghaddam SM, Ouédraogo A, Naylor KL, Bota SE, Husain S, Nash
DM, et al. Incidence and outcomes of invasive fungal infection among solid organ
transplant recipients: A population-based cohort study. Transpl Infect Dis (2020) 22:
E13250. doi: 10.1111/tid.13250

144. Van Delden C, Stampf S, Hirsch HH, Manuel O, Meylan P, Cusini A, et al.
Burden and timeline of infectious diseases in the first year after solid organ
transplantation in the swiss transplant cohort study. Clin Infect Dis (2020) 71:E159-
69. doi: 10.1093/cid/ciz1113

145. Pfaller MA, Diekema DJ, Rinaldi MG, Barnes R, Hu B, Veselov AV, et al.
Results from the artemis disk global antifungal surveillance study: A 6.5-year analysis of
susceptibilities of candida and other yeast species to fluconazole and voriconazole by
standardized disk diffusion testing. J Clin Microbiol (2005) 43:5848-59. doi: 10.1128/
JCM.43.12.5848-5859.2005

146. Koehler P, Stecher M, Cornely OA, Koehler D, Vehreschild M, Bohlius J,
et al. Morbidity and mortality of candidaemia in europe: an epidemiologic
meta-analysis. Clin Microbiol Infect (2019) 25:1200-12. doi: 10.1016/j.cmi.2019.
04.024

147. Pfaller MA, Diekema DJ, Turnidge JD, Castanheira M, Jones RN. Twenty years
of the sentry antifungal surveillance program: results for candida species from 1997-
2016. Open Forum Infect Dis (2019) 6:579-94. doi: 10.1093/0fid/ofy358

148. Satoh K, Makimura K, Hasumi Y, Nishiyama Y, Uchida K, Yamaguchi H.
Candida auris sp. Nov., A novel ascomycetous yeast isolated from the external ear canal
of an inpatient in A Japanese hospital. Microbiol Immunol (2009) 53:41-4. doi: 10.1111/
j.1348-0421.2008.00083.x

149. Lee WG, Shin JH, Uh Y, Kang MG, Kim SH, Park KH, et al. First three reported
cases of nosocomial fungemia caused by candida auris. J Clin Microbiol (2011)
49:3139-42. doi: 10.1128/JCM.00319-11

150. Eyre DW, Sheppard AE, Madder H, Moir I, Moroney R, Quan TP, et al. A
candida auris outbreak and its control in an intensive care setting. N Engl ] Med (2018)
379:1322-31. doi: 10.1056/NEJMoal714373

151. Schauwvlieghe A, De Jonge N, Van Dijk K, Verweij PE, Briiggemann R]J,
Biemond BJ, et al. The diagnosis and treatment of invasive aspergillosis in dutch
haematology units facing A rapidly increasing prevalence of azole-resistance. A
nationwide survey and rationale for the db-msg 002 study protocol. Mycoses (2018)
61:656-64. doi: 10.1111/myc.12788

152. Hadley S, Samore MH, Lewis WD, Jenkins RL, Karchmer AW, Hammer SM.
Major infectious complications after orthotopic liver transplantation and comparison
of outcomes in patients receiving cyclosporine or fk506 as primary
immunosuppression. Transplantation (1995) 59:851-9. doi: 10.1097/00007890-
199503000-00009

153. Hoenigl M, Salmanton-Garcia J, Walsh TJ, Nucci M, Neoh CF, Jenks JD, et al.
Global guideline for the diagnosis and management of rare mould infections: an
initiative of the european confederation of medical mycology in cooperation with the
international society for human and animal mycology and the american society for
microbiology. Lancet Infect Dis (2021) 21:E246-57. doi: 10.1016/S1473-3099(20)
30784-2

154. Muiioz P, Palomo ], Guembe P, Rodriguez-Creixéms M, Gijon P, Bouza E.
Lung nodular lesions in heart transplant recipients. J Heart Lung Transplant (2000)
19:660-7. doi: 10.1016/51053-2498(00)00119-4

155. Singh N, Paterson DL. Aspergillus infections in transplant recipients. Clin
Microbiol Rev (2005) 18:44-69. doi: 10.1128/CMR.18.1.44-69.2005

156. Cahill BC, Hibbs JR, Savik K, Juni BA, Dosland BM, Edin-Stibbe C, et al.
Aspergillus airway colonization and invasive disease after lung transplantation. Chest
(1997) 112:1160-4. doi: 10.1378/chest.112.5.1160

157. Mehrad B, Paciocco G, Martinez FJ, Ojo TC, Iannettoni MD, Lynch JP 3rd.
Spectrum of aspergillus infection in lung transplant recipients: case series and review of
the literature. Chest (2001) 119:169-75. doi: 10.1378/chest.119.1.169

Frontiers in Immunology

10.3389/fimmu.2023.1292625

158. Hibberd PL, Rubin RH. Clinical aspects of fungal infection in organ transplant
recipients. Clin Infect Dis (1994) 19 Suppl 1:533-40. doi: 10.1093/clinids/
19.Supplement_1.533

159. Kusne S, Torre-Cisneros J, Mafiez R, Irish W, Martin M, Fung J, et al. Factors
associated with invasive lung aspergillosis and the significance of positive aspergillus
culture after liver transplantation. J Infect Dis (1992) 166:1379-83. doi: 10.1093/infdis/
166.6.1379

160. Collins LA, Samore MH, Roberts MS, Luzzati R, Jenkins RL, Lewis WD, et al.
Risk factors for invasive fungal infections complicating orthotopic liver transplantation.
J Infect Dis (1994) 170:644-52. doi: 10.1093/infdis/170.3.644

161. Fishman JA. Overview: fungal infections in the transplant patient. Transpl
Infect Dis (2002) 4 Suppl 3:3-11. doi: 10.1034/j.1399-3062.4.53.1.x

162. Selby R, Ramirez CB, Singh R, Kleopoulos I, Kusne S, Starzl TE, et al. Brain abscess
in solid organ transplant recipients receiving cyclosporine-based immunosuppression.
Arch Surg (1997) 132:304-10. doi: 10.1001/archsurg.1997.01430270090019

163. Rubin RH. Overview: pathogenesis of fungal infections in the organ transplant
recipient. Transpl Infect Dis (2002) 4 Suppl 3:12-7. doi: 10.1034/j.1399-3062.4.53.2.x

164. Lortholary O, Charlier C, Lebeaux D, Lecuit M, Consigny PH. Fungal infections
in immunocompromised travelers. Clin Infect Dis (2013) 56:861-9. doi: 10.1093/cid/
cis935

165. Gavalda J, Len O, San Juan R, Aguado JM, Fortun J, Lumbreras C, et al. Risk
factors for invasive aspergillosis in solid-organ transplant recipients: A case-control
study. Clin Infect Dis (2005) 41:52-9. doi: 10.1086/430602

166. Singh N, Husain S. Aspergillus infections after lung transplantation: clinical
differences in type of transplant and implications for management. /| Heart Lung
Transplant (2003) 22:258-66. doi: 10.1016/S1053-2498(02)00477-1

167. Briegel J, Forst H, Spill B, Haas A, Grabein B, Haller M, et al. Risk factors for
systemic fungal infections in liver transplant recipients. Eur J Clin Microbiol Infect Dis
(1995) 14:375-82. doi: 10.1007/BF02114892

168. Patel R, Portela D, Badley AD, Harmsen WS, Larson-Keller JJ, Ilstrup DM, et al.
Risk factors of invasive candida and non-candida fungal infections after liver
transplantation. Transplantation (1996) 62:926-34. doi: 10.1097/00007890-
199610150-00010

169. Kibbler CC. Infections in liver transplantation: risk factors and strategies for
prevention. ] Hosp Infect (1995) 30 Suppl:209-17. doi: 10.1016/0195-6701(95)90021-7

170. Muskett H, Shahin ], Eyres G, Harvey S, Rowan K, Harrison D. Risk factors for
invasive fungal disease in critically ill adult patients: A systematic review. Crit Care
(2011) 15:1-15. doi: 10.1186/cc10574

171. Wen SR, Yang ZH, Dong TX, Li YY, Cao YK, Kuang YQ, et al. Deep fungal
infections among general hospital inpatients in southwestern China: A 5-year
retrospective study. Front In Public Health (2022) 10:842434. doi: 10.3389/
fpubh.2022.842434

172. Fang W, Wu J, Cheng M, Zhu X, Du M, Chen C, et al. Diagnosis of invasive
fungal infections: challenges and recent developments. ] Of Biomed Sci (2023) 30:42.
doi: 10.1186/512929-023-00926-2

173. Blanco JL, Hontecillas R, Bouza E, Blanco I, Pelaez T, Muioz P, et al.
Correlation between the elastase activity index and invasiveness of clinical isolates of
aspergillus fumigatus. J Clin Microbiol (2002) 40:1811-3. doi: 10.1128/JCM.40.5.1811-
1813.2002

174. Bochud PY, Chien JW, Marr KA, Leisenring WM, Upton A, Janer M, et al. Toll-
like receptor 4 polymorphisms and aspergillosis in stem-cell transplantation. N Engl |
Med (2008) 359:1766-77. doi: 10.1056/NEJM0a0802629

175. Cunha C, Di Ianni M, Bozza S, Giovannini G, Zagarella S, Zelante T, et al.
Dectin-1 Y238x polymorphism associates with susceptibility to invasive aspergillosis in
hematopoietic transplantation through impairment of both recipient-and donor-
dependent mechanisms of antifungal immunity. Blood ] Of Am Soc Of Hematol
(2010) 116:5394-402. doi: 10.1182/blood-2010-04-279307

176. Cenci E, Mencacci A, Del Sero G, Bacci A, Montagnoli C, D’ostiani CF, et al.
Interleukin-4 causes susceptibility to invasive pulmonary aspergillosis through
suppression of protective type I responses. J Infect Dis (1999) 180:1957-68. doi:
10.1086/315142

177. Jolink H, Meijssen IC, Hagedoorn RS, Arentshorst M, Drijthout JW, Mulder A,
et al. Characterization of the T-cell-mediated immune response against the aspergillus
fumigatus proteins crfl and catalase 1 in healthy individuals. J Infect Dis (2013)
208:847-56. doi: 10.1093/infdis/jit237

178. Roilides E, Dimitriadou-Georgiadou A, Sein T, Kadiltsoglou I, Walsh TJ.
Tumor necrosis factor alpha enhances antifungal activities Of Polymorphonuclear
And Mononuclear Phagocytes against aspergillus fumigatus. Infect Immun (1998)
66:5999-6003. doi: 10.1128/IA1.66.12.5999-6003.1998

179. Weimer R, Melk A, Daniel V, Friemann S, Padberg W, Opelz G. Switch from
cyclosporine A to tacrolimus in renal transplant recipients: impact on thl, th2, and
monokine responses. Hum Immunol (2000) 61:884-97. doi: 10.1016/S0198-8859(00)
00152-X

180. Gavalda J, Meije Y, Fortan J, Roilides E, Saliba F, Lortholary O, et al. Invasive
fungal infections in solid organ transplant recipients. Clin Microbiol Infect (2014) 20
Suppl 7:27-48. doi: 10.1111/1469-0691.12660

181. Ankersmit HJ, Deicher R, Moser B, Teufel I, Roth G, Gerlitz S, et al. Impaired T
cell proliferation, increased soluble death-inducing receptors and activation-induced T

frontiersin.org


https://doi.org/10.1101/gr.097501.109
https://doi.org/10.1007/BF02471906
https://doi.org/10.1007/BF02471906
https://doi.org/10.1517/14656566.7.3.297
https://doi.org/10.1111/j.1432-2277.2007.00511.x
https://doi.org/10.1111/j.1399-3062.2010.00492.x
https://doi.org/10.1111/j.1399-3062.2010.00492.x
https://doi.org/10.1086/651262
https://doi.org/10.1111/tid.13250
https://doi.org/10.1093/cid/ciz1113
https://doi.org/10.1128/JCM.43.12.5848-5859.2005
https://doi.org/10.1128/JCM.43.12.5848-5859.2005
https://doi.org/10.1016/j.cmi.2019.04.024
https://doi.org/10.1016/j.cmi.2019.04.024
https://doi.org/10.1093/ofid/ofy358
https://doi.org/10.1111/j.1348-0421.2008.00083.x
https://doi.org/10.1111/j.1348-0421.2008.00083.x
https://doi.org/10.1128/JCM.00319-11
https://doi.org/10.1056/NEJMoa1714373
https://doi.org/10.1111/myc.12788
https://doi.org/10.1097/00007890-199503000-00009
https://doi.org/10.1097/00007890-199503000-00009
https://doi.org/10.1016/S1473-3099(20)30784-2
https://doi.org/10.1016/S1473-3099(20)30784-2
https://doi.org/10.1016/S1053-2498(00)00119-4
https://doi.org/10.1128/CMR.18.1.44-69.2005
https://doi.org/10.1378/chest.112.5.1160
https://doi.org/10.1378/chest.119.1.169
https://doi.org/10.1093/clinids/19.Supplement_1.S33
https://doi.org/10.1093/clinids/19.Supplement_1.S33
https://doi.org/10.1093/infdis/166.6.1379
https://doi.org/10.1093/infdis/166.6.1379
https://doi.org/10.1093/infdis/170.3.644
https://doi.org/10.1034/j.1399-3062.4.s3.1.x
https://doi.org/10.1001/archsurg.1997.01430270090019
https://doi.org/10.1034/j.1399-3062.4.s3.2.x
https://doi.org/10.1093/cid/cis935
https://doi.org/10.1093/cid/cis935
https://doi.org/10.1086/430602
https://doi.org/10.1016/S1053-2498(02)00477-1
https://doi.org/10.1007/BF02114892
https://doi.org/10.1097/00007890-199610150-00010
https://doi.org/10.1097/00007890-199610150-00010
https://doi.org/10.1016/0195-6701(95)90021-7
https://doi.org/10.1186/cc10574
https://doi.org/10.3389/fpubh.2022.842434
https://doi.org/10.3389/fpubh.2022.842434
https://doi.org/10.1186/s12929-023-00926-2
https://doi.org/10.1128/JCM.40.5.1811-1813.2002
https://doi.org/10.1128/JCM.40.5.1811-1813.2002
https://doi.org/10.1056/NEJMoa0802629
https://doi.org/10.1182/blood-2010-04-279307
https://doi.org/10.1086/315142
https://doi.org/10.1093/infdis/jit237
https://doi.org/10.1128/IAI.66.12.5999-6003.1998
https://doi.org/10.1016/S0198-8859(00)00152-X
https://doi.org/10.1016/S0198-8859(00)00152-X
https://doi.org/10.1111/1469-0691.12660
https://doi.org/10.3389/fimmu.2023.1292625
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Elalouf et al.

cell death in patients undergoing haemodialysis. Clin Exp Immunol (2001) 125:142-8.
doi: 10.1046/j.1365-2249.2001.01590.x

182. Singh N, Husain S. Aspergillosis in solid organ transplantation. Am ]
Transplant (2013) 13 Suppl 4:228-41. doi: 10.1111/ajt.12115

183. Grahl N, Shepardson KM, Chung D, Cramer RA. Hypoxia and fungal
pathogenesis: to air or not to air? Eukaryotic Cell (2012) 11:560-70. doi: 10.1128/
EC.00031-12

184. Czigany Z, Lurje I, Schmelzle M, Schéning W, Ollinger R, Raschzok N, et al.
Ischemia-reperfusion injury in marginal liver grafts and the role of hypothermic
machine perfusion: molecular mechanisms and clinical implications. ] Of Clin Med
(2020) 9:846. doi: 10.3390/jcm9030846

185. Delaura IF, Gao Q, Anwar IJ, Abraham N, Kahan R, Hartwig MG, et al.
Complement-targeting therapeutics for ischemia-reperfusion injury in transplantation
and the potential for ex vivo delivery. . Front In Immunol (2022) 13:1000172. doi:
10.3389/fimmu.2022.1000172

186. Tang Q, Dong C, Sun Q. Immune response associated with ischemia and
reperfusion injury during organ transplantation. Inflammation Res (2022) 71:1463-76.
doi: 10.1007/s00011-022-01651-6

187. Krzywinska E, Stockmann C. Hypoxia, metabolism and immune cell function.
Biomedicines (2018) 6:56. doi: 10.3390/biomedicines6020056

188. Chung H, Lee YH. Hypoxia: A double-edged sword during fungal
pathogenesis? Front In Microbiol (2020) 11:1920. doi: 10.3389/fmicb.2020.01920

189. Shankar SK, Mahadevan A, Sundaram C, Sarkar C, Chacko G, Lanjewar DN,
et al. Pathobiology of fungal infections of the central nervous system with special
reference to the Indian scenario. Neurol India (2007) 55:198. doi: 10.4103/0028-
3886.35680

190. Lionakis MS, Levitz SM. Host control of fungal infections: lessons from basic
studies and human cohorts. Annu Rev Immunol (2018) 36:157-91. doi: 10.1146/
annurev-immunol-042617-053318

191. Browne SK, Burbelo PD, Chetchotisakd P, Suputtamongkol Y, Kiertiburanakul
S, Shaw PA, et al. Adult-onset immunodeficiency in Thailand and Taiwan. New Engl |
Of Med (2012) 367:725-34. doi: 10.1056/NEJMoal111160

192. Hsu AP, Korzeniowska A, Aguilar CC, Gu J, Karlins E, Oler AJ, et al.
Immunogenetics associated with severe coccidioidomycosis. JCI Insight (2022) 7:
€159491. doi: 10.1172/jci.insight.159491

193. Subramanian Vignesh K, Landero Figueroa JA, Porollo A, Caruso JA, Deepe GS
Jr.Granulocyte macrophage-colony stimulating factor induced zn sequestration
enhances macrophage superoxide and limits intracellular pathogen survival.
Immunity (2013) 39:697-710. doi: 10.1016/j.immuni.2013.09.006

194. Withrich M, Ersland K, Sullivan T, Galles K, Klein BS. Fungi subvert vaccine T
cell priming at the respiratory mucosa by preventing chemokine-induced influx of
inflammatory monocytes. Immunity (2012) 36:680-92. doi: 10.1016/
jimmuni.2012.02.015

195. Tsai M, Thauland TJ, Huang AY, Bun C, Fitzwater S, Krogstad P, et al.
Disseminated coccidioidomycosis treated with interferon-T" And dupilumab. N Engl |
Med (2020) 382:2337-43. doi: 10.1056/NEJM0a2000024

196. Netea MG, Joosten LA, van der Meer JW, Kullberg BJ, Van De Veerdonk FL.
Immune defence against candida fungal infections. Nat Rev Immunol (2015) 15:630-
42. doi: 10.1038/nri3897

197. Marr KA, Balajee SA, Hawn TR, Ozinsky A, Pham U, Akira S, et al. Differential
role of myd88 in macrophage-mediated responses to opportunistic fungal pathogens.
Infect Immun (2003) 71:5280-6. doi: 10.1128/1A1.71.9.5280-5286.2003

198. Thingran A, Kasahara S, Shepardson KM, Junecko BA, Heung LJ, Kumasaka
DK, et al. Compartment-specific and sequential role of myd88 and card9 in chemokine
induction and innate defense during respiratory fungal infection. PloS Pathog (2015)
11:E1004589. doi: 10.1371/journal.ppat.1004589

199. Kawasaki T, Kawai T. Toll-like receptor signaling pathways. Front In Immunol
(2014) 5. doi: 10.3389/fimmu.2014.00461

200. Speakman EA, Dambuza IM, Salazar F, Brown GD. T cell antifungal immunity
and the role of C-type lectin receptors. Trends Immunol (2020) 41:61-76. doi: 10.1016/
j.it.2019.11.007

201. Quan C, Li X, Shi RF, Zhao XQ, Xu H, Wang B, et al. Recurrent fungal
infections in A chinese patient with card9 deficiency and A review of 48 cases. Br |
Dermatol (2019) 180:1221-5. doi: 10.1111/bjd.17092

202. Saxena M, Yeretssian G. Nod-like receptors: master regulators of inflammation
and cancer. Front In Immunol (2014) 5. doi: 10.3389/fimmu.2014.00327

203. Huang Y, Xu W, Zhou R. Nlrp3 inflammasome activation and cell death. Cell
Mol Immunol (2021) 18:2114-27. doi: 10.1038/s41423-021-00740-6

204. Gross O, Poeck H, Bscheider M, Dostert C, Hannesschldger N, Endres S, et al.
Syk kinase signalling couples to the nlrp3 inflammasome for anti-fungal host defence.
Nature (2009) 459:433-6. doi: 10.1038/nature07965

205. Lei G, Chen M, Li H, Niu JL, Wu S, Mao L, et al. Biofilm from A clinical strain
of cryptococcus neoformans activates the nlrp3 inflammasome. Cell Res (2013) 23:965-
8. doi: 10.1038/cr.2013.49

206. Karki R, Man SM, Malireddi RKS, Gurung P, Vogel P, Lamkanfi M, et al.
Concerted activation of the aim2 and nlrp3 inflammasomes orchestrates host

Frontiers in Immunology

10.3389/fimmu.2023.1292625

protection against aspergillus infection. Cell Host Microbe (2015) 17:357-68. doi:
10.1016/j.chom.2015.01.006

207. Huang JH, Lin CY, Wu SY, Chen WY, Chu CL, Brown GD, et al. Cr3 and
dectin-1 collaborate in macrophage cytokine response through association on lipid
rafts and activation of syk-jnk-ap-1 pathway. PloS Pathog (2015) 11:E1004985. doi:
10.1371/journal.ppat.1004985

208. Loh JT, Lam KP. Neutrophils in the pathogenesis of rheumatic diseases.
Rheumatol Immunol Res (2022) 3:120-7. doi: 10.2478/rir-2022-0020

209. Aguirre ], Hansberg W, Navarro R. Fungal responses to reactive oxygen species.
Med Mycology (2006) 44:5101-7. doi: 10.1080/13693780600900080

210. Heyworth PG, Cross AR, Curnutte JT. Chronic granulomatous disease. Curr
Opin Immunol (2003) 15:578-84. doi: 10.1016/50952-7915(03)00109-2

211. Kumar R, Chadha S, Saraswat D, Bajwa JS, Li RA, Conti HR, et al. Histatin 5
uptake by candida albicans utilizes polyamine transporters dur3 and dur31 proteins. J
Biol Chem (2011) 286:43748-58. doi: 10.1074/jbc.M111.311175

212. Romani L, Bistoni F, Puccetti P. Fungi, dendritic cells and receptors: A host
perspective of fungal virulence. Trends Microbiol (2002) 10:508-14. doi: 10.1016/
S0966-842X(02)02460-5

213. Ramirez-Ortiz ZG, Lee CK, Wang JP, Boon L, Specht CA, Levitz SM. A
nonredundant role for plasmacytoid dendritic cells in host defense against the human
fungal pathogen aspergillus fumigatus. Cell Host Microbe (2011) 9:415-24. doi:
10.1016/j.chom.2011.04.007

214. Ersland K, Wiithrich M, Klein BS. Dynamic interplay among monocyte-
derived, dermal, and resident lymph node dendritic cells during the generation of
vaccine immunity to fungi. Cell Host Microbe (2010) 7:474-87. doi: 10.1016/
j.chom.2010.05.010

215. Brummer E, Morrison CJ, Stevens DA. Recombinant and natural gamma-
interferon activation of macrophages in vitro: different dose requirements for induction
of killing activity against phagocytizable and nonphagocytizable fungi. Infect Immun
(1985) 49:724-30. doi: 10.1128/iai.49.3.724-730.1985

216. Brummer E, Kurita N, Yoshida S, Nishimura K, Miyaji M. Killing of
histoplasma capsulatum by gamma-interferon-activated human monocyte-derived
macrophages: evidence for A superoxide anion-dependent mechanism. /] Med
Microbiol (1991) 35:29-34. doi: 10.1099/00222615-35-1-29

217. Zhou F. Molecular mechanisms of ifn-gamma to up-regulate mhc class I
antigen processing and presentation. Int Rev Immunol (2009) 28:239-60. doi: 10.1080/
08830180902978120

218. De Oliveira HC, Assato PA, Marcos CM, Scorzoni L, De Paula E Silva ACA, Da
Silva JDF, et al. Paracoccidioides-host interaction: an overview on recent advances in
the paracoccidioidomycosis. Front In Microbiol (2015) 6. doi: 10.3389/
fmicb.2015.01319

219. Deepe GSJr., Gibbons RS. Tnf-alpha antagonism generates A population of
antigen-specific ¢cd4+Cd25+ T cells that inhibit protective immunity in murine
histoplasmosis. ] Immunol (2008) 180:1088-97. doi: 10.4049/jimmunol.180.2.1088

220. Kroetz DN, Deepe GS. The role of cytokines and chemokines in histoplasma
capsulatum infection. Cytokine (2012) 58:112-7. doi: 10.1016/j.cyt0.2011.07.430

221. Conti HR, Shen F, Nayyar N, Stocum E, Sun JN, Lindemann MJ, et al. Th17
cells and il-17 receptor signaling are essential for mucosal host defense against oral
candidiasis. ] Exp Med (2009) 206:299-311. doi: 10.1084/jem.20081463

222. Zelante T, De Luca A, Bonifazi P, Montagnoli C, Bozza S, Moretti S, et al. 11-23
and the th17 pathway promote inflammation and impair antifungal immune resistance.
Eur ] Of Immunol (2007) 37:2695-706. doi: 10.1002/eji.200737409

223. Mcallister F, Steele C, Zheng M, Young E, Shellito JE, Marrero L, et al. T
cytotoxic-1 ¢d8+ T cells are effector cells against pneumocystis in mice. J Immunol
(2004) 172:1132-8. doi: 10.4049/jimmunol.172.2.1132

224. Lindell DM, Moore TA, Mcdonald RA, Toews GB, Huffnagle GB. Generation
of antifungal effector cd8+ T cells in the absence of cd4+ T cells during cryptococcus
neoformans infection. J Immunol (2005) 174:7920-8. doi: 10.4049/
jimmunol.174.12.7920

225. Rapaka RR, Ricks DM, Alcorn JF, Chen K, Khader SA, Zheng M, et al.
Conserved natural igm antibodies mediate innate and adaptive immunity against the
opportunistic fungus pneumocystis murina. ] Exp Med (2010) 207:2907-19. doi:
10.1084/jem.20100034

226. De Bernardis F, Santoni G, Boccanera M, Lucciarini R, Arancia S, Sandini S,
et al. Protection against rat vaginal candidiasis by adoptive transfer of vaginal B
lymphocytes. FEMS Yeast Res (2010) 10:432-40. doi: 10.1111/j.1567-1364.2010.00620.x

227. Vudhichamnong K, Walker DM, Ryley HC. The effect of secretory
immunoglobulin A on the in-vitro adherence of the yeast candida albicans to human
oral epithelial cells. Arch Oral Biol (1982) 27:617-21. doi: 10.1016/0003-9969(82)
90184-4

228. Sharma J, Mudalagiriyappa S, Nanjappa SG. T cell responses to control fungal
infection in an immunological memory lens. Front Immunol (2022) 13:905867.
doi: 10.3389/fimmu.2022.905867

229. LeibundGut-Landmann S. Tissue-Resident Memory T Cells in Antifungal
Immunity. Front Immunol (2021) 12:693055. doi: 10.3389/fimmu.2021.693055

230. Biswas PS. Vaccine-Induced Immunological Memory in Invasive Fungal
Infections — A Dream so Close yet so Far. Front Immunol (2021) 12:671068.
doi: 10.3389/fimmu.2021.671068

frontiersin.org


https://doi.org/10.1046/j.1365-2249.2001.01590.x
https://doi.org/10.1111/ajt.12115
https://doi.org/10.1128/EC.00031-12
https://doi.org/10.1128/EC.00031-12
https://doi.org/10.3390/jcm9030846
https://doi.org/10.3389/fimmu.2022.1000172
https://doi.org/10.1007/s00011-022-01651-6
https://doi.org/10.3390/biomedicines6020056
https://doi.org/10.3389/fmicb.2020.01920
https://doi.org/10.4103/0028-3886.35680
https://doi.org/10.4103/0028-3886.35680
https://doi.org/10.1146/annurev-immunol-042617-053318
https://doi.org/10.1146/annurev-immunol-042617-053318
https://doi.org/10.1056/NEJMoa1111160
https://doi.org/10.1172/jci.insight.159491
https://doi.org/10.1016/j.immuni.2013.09.006
https://doi.org/10.1016/j.immuni.2012.02.015
https://doi.org/10.1016/j.immuni.2012.02.015
https://doi.org/10.1056/NEJMoa2000024
https://doi.org/10.1038/nri3897
https://doi.org/10.1128/IAI.71.9.5280-5286.2003
https://doi.org/10.1371/journal.ppat.1004589
https://doi.org/10.3389/fimmu.2014.00461
https://doi.org/10.1016/j.it.2019.11.007
https://doi.org/10.1016/j.it.2019.11.007
https://doi.org/10.1111/bjd.17092
https://doi.org/10.3389/fimmu.2014.00327
https://doi.org/10.1038/s41423-021-00740-6
https://doi.org/10.1038/nature07965
https://doi.org/10.1038/cr.2013.49
https://doi.org/10.1016/j.chom.2015.01.006
https://doi.org/10.1371/journal.ppat.1004985
https://doi.org/10.2478/rir-2022-0020
https://doi.org/10.1080/13693780600900080
https://doi.org/10.1016/S0952-7915(03)00109-2
https://doi.org/10.1074/jbc.M111.311175
https://doi.org/10.1016/S0966-842X(02)02460-5
https://doi.org/10.1016/S0966-842X(02)02460-5
https://doi.org/10.1016/j.chom.2011.04.007
https://doi.org/10.1016/j.chom.2010.05.010
https://doi.org/10.1016/j.chom.2010.05.010
https://doi.org/10.1128/iai.49.3.724-730.1985
https://doi.org/10.1099/00222615-35-1-29
https://doi.org/10.1080/08830180902978120
https://doi.org/10.1080/08830180902978120
https://doi.org/10.3389/fmicb.2015.01319
https://doi.org/10.3389/fmicb.2015.01319
https://doi.org/10.4049/jimmunol.180.2.1088
https://doi.org/10.1016/j.cyto.2011.07.430
https://doi.org/10.1084/jem.20081463
https://doi.org/10.1002/eji.200737409
https://doi.org/10.4049/jimmunol.172.2.1132
https://doi.org/10.4049/jimmunol.174.12.7920
https://doi.org/10.4049/jimmunol.174.12.7920
https://doi.org/10.1084/jem.20100034
https://doi.org/10.1111/j.1567-1364.2010.00620.x
https://doi.org/10.1016/0003-9969(82)90184-4
https://doi.org/10.1016/0003-9969(82)90184-4
https://doi.org/10.3389/fimmu.2022.905867
https://doi.org/10.3389/fimmu.2021.693055
https://doi.org/10.3389/fimmu.2021.671068
https://doi.org/10.3389/fimmu.2023.1292625
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Elalouf et al.

231. Farber DL, Yudanin NA, Restifo NP. Human memory T cells: Generation,
compartmentalization and homeostasis. Nat Rev Immunol (2014) 14:24-35.
doi: 10.1038/nri3567

232. Kumar BV, Connors TJ, Farber DL. Human T Cell Development, Localization,
and Function throughout Life. Immunity (2018) 48:202-13. doi: 10.1016/
jimmuni.2018.01.007

233. Ratajczak W, Niedzwiedzka-Rystwej P, Tokarz-Deptuta B, DeptulLa W.
Immunological memory cells. Cent Eur J Immunol (2018) 43:194-203. doi: 10.5114/
eji.2018.77390

234. Gebhardt T, Palendira U, Tscharke DC, Bedoui S. Tissue-resident memory T
cells in tissue homeostasis, persistent infection, and cancer surveillance. Immunol Rev
(2018) 283:54-76. doi: 10.1111/imr.12650

235. Raeber ME, Zurbuchen Y, Impellizzieri D, Boyman O. The role of cytokines in
T-cell memory in health and disease. Immunol Rev (2018) 283:176-93. doi: 10.1111/
imr.12644

236. Gow NAR, Latge JP, Munro CA. The fungal cell wall: structure, biosynthesis,
and function. Microbiol Spectr (2017) 5:FUNK-0035-2016. doi: 10.1128/
microbiolspec. FUNK-0035-2016

237. Carrion Sde J, Leal SMJr., Ghannoum MA, Aimanianda V, Latge JP, Pearlman
E. The roda hydrophobin on aspergillus fumigatus spores masks dectin-1- and dectin-
2-dependent responses and enhances fungal survival in vivo. ] Immunol (2013)
191:2581-8. doi: 10.4049/jimmunol.1300748

238. O’meara TR, Alspaugh JA. The cryptococcus neoformans capsule: A sword and
A shield. Clin Microbiol Rev (2012) 25:387-408. doi: 10.1128/CMR.00001-12

239. Rappleye CA, Eissenberg LG, Goldman WE. Histoplasma capsulatum alpha-
(1,3)-glucan blocks innate immune recognition by the beta-glucan receptor. Proc Natl
Acad Sci U.S.A. (2007) 104:1366-70. doi: 10.1073/pnas.0609848104

240. Garfoot AL, Shen Q, Wiithrich M, Klein BS, Rappleye CA. The engl B-
glucanase enhances histoplasma virulence by reducing B-glucan exposure. Mbio (2016)
7:E01388-15. doi: 10.1128/mbio.01388-15

241. Luo S, Hipler U-C, Miinzberg C, Skerka C, Zipfel PF. Sequence variations and
protein expression levels of the two immune evasion proteins gpm1 and pral influence
virulence of clinical candida albicans isolates. PloS One (2015) 10:E0113192. doi:
10.1371/journal.pone.0113192

242. Dasari P, Shopova IA, Stroe M, Wartenberg D, Martin-Dahse H, Beyersdorf N,
et al. Aspf2 from aspergillus fumigatus recruits human immune regulators for immune
evasion and cell damage. Front Immunol (2018) 9. doi: 10.3389/fimmu.2018.01635

243. Luberto C, Martinez-Marifio B, Taraskiewicz D, Bolafios B, Chitano P,
Toffaletti DL, et al. Identification of appl as A regulator of phagocytosis and
virulence of cryptococcus neoformans. J Clin Invest (2003) 112:1080-94. doi:
10.1172/JCI18309

244. Thywilen A, Heinekamp T, Dahse HM, Schmaler-Ripcke J, Nietzsche S, Zipfel
PF, et al. Conidial dihydroxynaphthalene melanin of the human pathogenic fungus
aspergillus fumigatus interferes with the host endocytosis pathway. Front Microbiol
(2011) 2:96. doi: 10.3389/fmicb.2011.00096

245. Akoumianaki T, Kyrmizi I, Valsecchi I, Gresnigt MS, Samonis G, Drakos E,
et al. Aspergillus cell wall melanin blocks lc3-associated phagocytosis to promote
pathogenicity. Cell Host Microbe (2016) 19:79-90. doi: 10.1016/j.chom.2015.12.002

246. Fradin C, De Groot P, Maccallum D, Schaller M, Klis F, Odds FC, et al.
Granulocytes govern the transcriptional response, morphology and proliferation of
candida albicans in human blood. Mol Microbiol (2005) 56:397-415. doi: 10.1111/
j.1365-2958.2005.04557.x

247. Frohner IE, Bourgeois C, Yatsyk K, Majer O, Kuchler K. Candida albicans cell
surface superoxide dismutases degrade host-derived reactive oxygen species to escape
innate immune surveillance. Mol Microbiol (2009) 71:240-52. doi: 10.1111/j.1365-
2958.2008.06528.x

248. Miramon P, Dunker C, Windecker H, Bohovych IM, Brown AJ, Kurzai O, et al.
Cellular responses of candida albicans to phagocytosis and the extracellular activities of
neutrophils are critical to counteract carbohydrate starvation, oxidative and nitrosative
stress. PloS One (2012) 7:E52850. doi: 10.1371/journal.pone.0052850

249. Cox GM, Harrison TS, Mcdade HC, Taborda CP, Heinrich G, Casadevall A,
et al. Superoxide dismutase influences the virulence of cryptococcus neoformans by
affecting growth within macrophages. Infect Immun (2003) 71:173-80. doi: 10.1128/
iai.71.1.173-180.2003

250. Roetzer A, Klopf E, Gratz N, Marcet-Houben M, Hiller E, Rupp S, et al.
Regulation of candida glabrata oxidative stress resistance is adapted to host
environment. FEBS Lett (2011) 585:319-27. doi: 10.1016/j.febslet.2010.12.006

251. Youseff BH, Holbrook ED, Smolnycki KA, Rappleye CA. Extracellular
superoxide dismutase protects histoplasma yeast cells from host-derived oxidative
stress. PloS Pathog (2012) 8:E1002713. doi: 10.1371/journal.ppat.1002713

252. Tsunawaki S, Yoshida LS, Nishida S, Kobayashi T, Shimoyama T. Fungal
metabolite gliotoxin inhibits assembly of the human respiratory burst nadph oxidase.
Infect Immun (2004) 72:3373-82. doi: 10.1128/iai.72.6.3373-3382.2004

253. Isaac DT, Berkes CA, English BC, Murray DH, Lee YN, Coady A, et al.
Macrophage cell death and transcriptional response are actively triggered by the fungal
virulence factor cbp1 during H. Capsulatum infection. Mol Microbiol (2015) 98:910-29.
doi: 10.1111/mmi.13168

Frontiers in Immunology

10.3389/fimmu.2023.1292625

254. Albert ML. Death-defying immunity: do apoptotic cells influence antigen
processing and presentation? Nat Rev Immunol (2004) 4:223-31. doi: 10.1038/nri11308

255. Uwamahoro N, Verma-Gaur ], Shen HH, Qu Y, Lewis R, Lu J, et al. The
pathogen candida albicans hijacks pyroptosis for escape from macrophages. Mbio
(2014) 5:E00003-14. doi: 10.1128/mBi0.00003-14

256. Wellington M, Koselny K, Sutterwala FS, Krysan DJ. Candida albicans triggers
nlrp3-mediated pyroptosis in macrophages. Eukaryot Cell (2014) 13:329-40. doi:
10.1128/EC.00336-13

257. Pietrella D, Pandey N, Gabrielli E, Pericolini E, Perito S, Kasper L, et al. Secreted
aspartic proteases of candida albicans activate the nlrp3 inflammasome. Eur J Immunol
(2013) 43:679-92. doi: 10.1002/eji.201242691

258. Vylkova S, Lorenz MC. Phagosomal neutralization by the fungal pathogen
candida albicans induces macrophage pyroptosis. Infect Immun (2017) 85:¢00832-16.
doi: 10.1128/IAL.00832-16

259. De Leon-Rodriguez CM, Fu MS, Corbali MO, Cordero RJB, Casadevall A. The
capsule of cryptococcus neoformans modulates phagosomal ph through its acid-base
properties. Msphere (2018) 3:¢00437-18. doi: 10.1128/mSphere.00437-18

260. Seider K, Brunke S, Schild L, Jablonowski N, Wilson D, Majer O, et al. The
facultative intracellular pathogen candida glabrata subverts macrophage cytokine
production and phagolysosome maturation. J Immunol (2011) 187:3072-86. doi:
10.4049/jimmunol.1003730

261. Sprenger M, Hartung TS, Allert S, Wisgott S, Niemiec MJ, Graf K, et al. Fungal
biotin homeostasis is essential for immune evasion after macrophage phagocytosis and
virulence. Cell Microbiol (2020) 22:E13197. doi: 10.1111/cmi.13197

262. Mckenzie CG, Koser U, Lewis LE, Bain JM, Mora-Montes HM, Barker RN,
et al. Contribution of candida albicans cell wall components to recognition by and
escape from murine macrophages. Infect Immun (2010) 78:1650-8. doi: 10.1128/
TAL.00001-10

263. Santiago-Tirado FH, Onken MD, Cooper JA, Klein RS, Doering TL. Trojan
horse transit contributes to blood-brain barrier crossing of A eukaryotic pathogen.
Mbio (2017) 8:¢02183-16. doi: 10.1128/mBi0.02183-16

264. Fu MS, Coelho C, De Leon-Rodriguez CM, Rossi DCP, Camacho E, Jung EH,
et al. Cryptococcus neoformans urease affects the outcome of intracellular pathogenesis
by modulating phagolysosomal ph. PloS Pathog (2018) 14:E1007144. doi: 10.1371/
journal.ppat.1007144

265. Garcla-Rodas R, Gonzalez-Camacho F, Rodriguez-Tudela JL, Cuenca-Estrella
M, Zaragoza O. The interaction between candida krusei and murine macrophages
results in multiple outcomes, including intracellular survival and escape from killing.
Infect Immun (2011) 79:2136-44. doi: 10.1128/TAL.00044-11

266. Bain JM, Lewis LE, Okai B, Quinn J, Gow NA, Erwig LP. Non-lytic expulsion/
exocytosis of candida albicans from macrophages. Fungal Genet Biol (2012) 49:677-8.
doi: 10.1016/j.fgb.2012.01.008

267. Toth R, Toth A, Papp C, Jankovics F, Vagvolgyi C, Alonso MF, et al. Kinetic
studies of candida parapsilosis phagocytosis by macrophages and detection of
intracellular survival mechanisms. Front Microbiol (2014) 5:633. doi: 10.3389/
fmicb.2014.00633

268. Kasper L, Konig A, Koenig PA, Gresnigt MS, Westman J, Drummond RA, et al.
The fungal peptide toxin candidalysin activates the nlrp3 inflammasome and causes
cytolysis in mononuclear phagocytes. Nat Commun (2018) 9:4260. doi: 10.1038/
541467-018-06607-1

269. Brand A. Hyphal growth in human fungal pathogens and its role in virulence.
Int ] Microbiol (2012) 2012:517529. doi: 10.1155/2012/517529

270. Wichtler B, Citiulo F, Jablonowski N, Férster S, Dalle F, Schaller M, et al.
Candida albicans-epithelial interactions: dissecting the roles of active penetration,
induced endocytosis and host factors on the infection process. PloS One (2012) 7:
E36952. doi: 10.1371/journal.pone.0036952

271. Singh A, Panting RJ, Varma A, Saijo T, Waldron KJ, Jong A, et al. Factors
required for activation of urease as A virulence determinant in cryptococcus
neoformans. Mbio (2013) 4:E00220-13. doi: 10.1128/mBi0.00220-13

272. Moyes DL, Wilson D, Richardson JP, Mogavero S, Tang SX, Wernecke J, et al.
Candidalysin is A fungal peptide toxin critical for mucosal infection. Nature (2016)
532:64-8. doi: 10.1038/nature17625

273. Naglik JR, Gaffen SL, Hube B. Candidalysin: discovery and function in candida
albicans infections. Curr Opin Microbiol (2019) 52:100-9. doi: 10.1016/
j.mib.2019.06.002

274. Konig A, Hube B, Kasper L. The dual function of the fungal toxin candidalysin

during candida albicans-macrophage interaction and virulence. Toxins (Basel) (2020)
12:469. doi: 10.3390/toxins12080469

275. Fourie R, Kuloyo OO, Mochochoko BM, Albertyn J, Pohl CH. Iron at the centre
of candida albicans interactions. Front Cell Infect Microbiol (2018) 8:185. doi: 10.3389/
fcimb.2018.00185

276. Gerwien F, Skrahina V, Kasper L, Hube B, Brunke S. Metals in fungal virulence.
FEMS Microbiol Rev (2018) 42:fux050. doi: 10.1093/femsre/fux050

277. Netea MG, Dominguez-Andres J, Barreiro LB, Chavakis T, Divangahi M, Fuchs
E, et al. Defining trained immunity and its role in health and disease. Nat Rev Immunol
(2020) 20:375-88. doi: 10.1038/s41577-020-0285-6

frontiersin.org


https://doi.org/10.1038/nri3567
https://doi.org/10.1016/j.immuni.2018.01.007
https://doi.org/10.1016/j.immuni.2018.01.007
https://doi.org/10.5114/ceji.2018.77390
https://doi.org/10.5114/ceji.2018.77390
https://doi.org/10.1111/imr.12650
https://doi.org/10.1111/imr.12644
https://doi.org/10.1111/imr.12644
https://doi.org/10.1128/microbiolspec.FUNK-0035-2016
https://doi.org/10.1128/microbiolspec.FUNK-0035-2016
https://doi.org/10.4049/jimmunol.1300748
https://doi.org/10.1128/CMR.00001-12
https://doi.org/10.1073/pnas.0609848104
https://doi.org/10.1128/mbio.01388-15
https://doi.org/10.1371/journal.pone.0113192
https://doi.org/10.3389/fimmu.2018.01635
https://doi.org/10.1172/JCI18309
https://doi.org/10.3389/fmicb.2011.00096
https://doi.org/10.1016/j.chom.2015.12.002
https://doi.org/10.1111/j.1365-2958.2005.04557.x
https://doi.org/10.1111/j.1365-2958.2005.04557.x
https://doi.org/10.1111/j.1365-2958.2008.06528.x
https://doi.org/10.1111/j.1365-2958.2008.06528.x
https://doi.org/10.1371/journal.pone.0052850
https://doi.org/10.1128/iai.71.1.173-180.2003
https://doi.org/10.1128/iai.71.1.173-180.2003
https://doi.org/10.1016/j.febslet.2010.12.006
https://doi.org/10.1371/journal.ppat.1002713
https://doi.org/10.1128/iai.72.6.3373-3382.2004
https://doi.org/10.1111/mmi.13168
https://doi.org/10.1038/nri11308
https://doi.org/10.1128/mBio.00003-14
https://doi.org/10.1128/EC.00336-13
https://doi.org/10.1002/eji.201242691
https://doi.org/10.1128/IAI.00832-16
https://doi.org/10.1128/mSphere.00437-18
https://doi.org/10.4049/jimmunol.1003730
https://doi.org/10.1111/cmi.13197
https://doi.org/10.1128/IAI.00001-10
https://doi.org/10.1128/IAI.00001-10
https://doi.org/10.1128/mBio.02183-16
https://doi.org/10.1371/journal.ppat.1007144
https://doi.org/10.1371/journal.ppat.1007144
https://doi.org/10.1128/IAI.00044-11
https://doi.org/10.1016/j.fgb.2012.01.008
https://doi.org/10.3389/fmicb.2014.00633
https://doi.org/10.3389/fmicb.2014.00633
https://doi.org/10.1038/s41467-018-06607-1
https://doi.org/10.1038/s41467-018-06607-1
https://doi.org/10.1155/2012/517529
https://doi.org/10.1371/journal.pone.0036952
https://doi.org/10.1128/mBio.00220-13
https://doi.org/10.1038/nature17625
https://doi.org/10.1016/j.mib.2019.06.002
https://doi.org/10.1016/j.mib.2019.06.002
https://doi.org/10.3390/toxins12080469
https://doi.org/10.3389/fcimb.2018.00185
https://doi.org/10.3389/fcimb.2018.00185
https://doi.org/10.1093/femsre/fux050
https://doi.org/10.1038/s41577-020-0285-6
https://doi.org/10.3389/fimmu.2023.1292625
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Elalouf et al.

278. Camilli G, Bohm M, Piffer AC, Lavenir R, Williams DL, Neven B, et al. B-glucan-
induced reprogramming of human macrophages inhibits nlrp3 inflammasome activation
in cryopyrinopathies. J Clin Invest (2020) 130:4561-73. doi: 10.1172/JCI134778

279. Briard B, Karki R, Malireddi RKS, Bhattacharya A, Place DE, Mavuluri J, et al.
Fungal ligands released by innate immune effectors promote inflammasome activation
during aspergillus fumigatus infection. Nat Microbiol (2019) 4:316-27. doi: 10.1038/
541564-018-0298-0

280. Bruno M, Kersten S, Bain JM, Jaeger M, Rosati D, Kruppa MD, et al.
Transcriptional and functional insights into the host immune response against the
emerging fungal pathogen candida auris. Nat Microbiol (2020) 5:1516-31. doi: 10.1038/
541564-020-0780-3

281. Van De Veerdonk FL, Gresnigt MS, Romani L, Netea MG, Latgé JP. Aspergillus
fumigatus morphology and dynamic host interactions. Nat Rev Microbiol (2017)
15:661-74. doi: 10.1038/nrmicro.2017.90

282. Gongalves SM, Duarte-Oliveira C, Campos CF, Aimanianda V, Ter Horst R,
Leite L, et al. Phagosomal removal of fungal melanin reprograms macrophage
metabolism to promote antifungal immunity. Nat Commun (2020) 11:2282.
doi: 10.1038/541467-020-16120-z

283. Kazmi S, Khan MA, Shamma T, Altuhami A, Assiri AM, Broering DC.
Therapeutic nexus of T cell immunometabolism in improving transplantation
immunotherapy. Int Immunopharmacol (2022) 106:108621. doi: 10.1016/
j.intimp.2022.108621

284. Wik JA, Skalhegg BS. T cell metabolism in infection. Front In Immunol (2022)
13:840610. doi: 10.3389/fimmu.2022.840610

285. Tomaszewicz M, Ronowska A, Zielinski M, Jankowska-Kulawy A,
Trzonkowski P. T regulatory cells metabolism: the influence on functional properties
and treatment potential. Front In Immunol (2023) 14:1122063. doi: 10.3389/
fimmu.2023.1122063

286. Atif M, Conti F, Gorochov G, Oo YH, Miyara M. Regulatory T cells in solid
organ transplantation. Clin Trans Immunol (2020) 9:E01099. doi: 10.1002/cti2.1099

287. Xie L, Li W, Hersh J, Liu R, Yang SH. Experimental ischemic stroke induces
long-Term T cell activation in the brain. J Of Cereb Blood Flow Metab (2019) 39
(11):2268-76. doi: 10.1177/0271678X18792372

288. Phan AT, Goldrath AW. Hypoxia-inducible factors regulate T cell metabolism
and function. Mol Immunol (2015) 68:527-35. doi: 10.1016/j.molimm.2015.08.004

289. Roberts MB, Fishman JA. Immunosuppressive agents and infectious risk in
transplantation: managing the “Net state of immunosuppression”. Clin Infect Dis
(2021) 73(7):E1302-17. doi: 10.1093/cid/ciaal189

290. ZhaiY, Petrowsky H, Hong JC, Busuttil RW, Kupiec-Weglinski JW. Ischaemia-
reperfusion injury in liver transplantation—From bench to bedside. Nat Rev
Gastroenterol Hepatol (2013) 10(2):79-89. doi: 10.1038/nrgastro.2012.225

291. Brown AJ. Fungal resilience and host-pathogen interactions: future
perspectives and opportunities. Parasite Immunol (2023) 45:E12946. doi: 10.1111/
pim.12946

292. Perfect JR. The antifungal pipeline: A reality check. Nat Rev Drug Discovery
(2017) 16:603-16. doi: 10.1038/nrd.2017.46

293. Sahin B, Paydas S, Cosar E, Bigak¢i K, Hazar B. Role of granulocyte colony-
stimulating factor in the treatment of mucormycosis. Eur J Clin Microbiol Infect Dis
(1996) 15:866-9. doi: 10.1007/BF01691218

294. Jarvis JN, Meintjes G, Rebe K, Williams GN, Bicanic T, Williams A, et al.
Adjunctive interferon-I' Immunotherapy for the treatment of hiv-associated
cryptococcal meningitis: A randomized controlled trial. Aids (2012) 26:1105-13. doi:
10.1097/QAD.0b013e3283536a93

295. Mehrad B, Strieter RM, Standiford TJ. Role of tnf-alpha in pulmonary host
defense in murine invasive aspergillosis. J Immunol (1999) 162:1633-40. doi: 10.4049/
jimmunol.162.3.1633

296. Mencacci A, Cenci E, Bacci A, Bistoni F, Romani L. Host immune reactivity
determines the efficacy of combination immunotherapy and antifungal chemotherapy
in candidiasis. J Of Infect Dis (2000) 181:686-94. doi: 10.1086/315277

297. Gellin B, Modlin JF, Casadevall A, Pirofski L-A. Adjunctive immune therapy
for fungal infections. Clin Infect Dis (2001) 33:1048-56. doi: 10.1086/322710

298. Papadopoulou A, Kaloyannidis P, Yannaki E, Cruz CR. Adoptive transfer of
aspergillus-specific T cells as A novel anti-fungal therapy for hematopoietic stem cell
transplant recipients: progress and challenges. Crit Rev Oncol Hematol (2016) 98:62—
72. doi: 10.1016/j.critrevonc.2015.10.005

299. Kumaresan PR, Manuri PR, Albert ND, Maiti S, Singh H, Mi T, et al.
Bioengineering T cells to target carbohydrate to treat opportunistic fungal infection.
Proc Natl Acad Sci U.S.A. (2014) 111:10660-5. doi: 10.1073/pnas.1312789111

300. Brudno JN, Kochenderfer JN. Toxicities of chimeric antigen receptor T cells:
recognition and management. Blood (2016) 127:3321-30. doi: 10.1182/blood-2016-04-
703751

301. Diaz R, Soundar E, Hartman SK, Dreyer Z, Teruya J, Hui SK. Granulocyte
transfusions for children with infection and neutropenia or granulocyte dysfunction.
Pediatr Hematol Oncol (2014) 31:425-34. doi: 10.3109/08880018.2013.868562

302. Nikolajeva O, Mijovic A, Hess D, Tatam E, Amrolia P, Chiesa R, et al. Single-
donor granulocyte transfusions for improving the outcome of high-risk pediatric
patients with known bacterial and fungal infections undergoing stem cell

Frontiers in Immunology

10.3389/fimmu.2023.1292625

transplantation: A 10-year single-center experience. Bone Marrow Transplant (2015)
50:846-9. doi: 10.1038/bmt.2015.53

303. Pachl ], Svoboda P, Jacobs F, Vandewoude K, van der Hoven B, Spronk P, et al.
A randomized, blinded, multicenter trial of lipid-associated amphotericin B alone
versus in combination with an antibody-based inhibitor of heat shock protein 90 in
patients with invasive candidiasis. Clin Infect Dis (2006) 42:1404-13. doi: 10.1086/
503428

304. Bugli F, Cacaci M, Martini C, Torelli R, Posteraro B, Sanguinetti M, et al.
Human monoclonal antibody-based therapy in the treatment of invasive candidiasis.
Clin Dev Immunol (2013) 2013:403121. doi: 10.1155/2013/403121

305. Casadevall A, Cleare W, Feldmesser M, Glatman-Freedman A, Goldman DL,
Kozel TR, et al. Characterization of A murine monoclonal antibody to cryptococcus
neoformans polysaccharide that is A candidate for human therapeutic studies.
Antimicrob Agents Chemother (1998) 42:1437-46. doi: 10.1128/AAC.42.6.1437

306. Larsen RA, Pappas PG, Perfect ], Aberg JA, Casadevall A, Cloud GA, et al.
Phase I evaluation of the safety and pharmacokinetics of murine-derived
anticryptococcal antibody 18b7 in subjects with treated cryptococcal meningitis.
Antimicrob Agents Chemother (2005) 49:952-8. doi: 10.1128/AAC.49.3.952-958.2005

307. Ostrosky-Zeichner L, Casadevall A, Galgiani JN, Odds FC, Rex JH. An insight
into the antifungal pipeline: selected new molecules and beyond. Nat Rev Drug
Discovery (2010) 9:719-27. doi: 10.1038/nrd3074

308. Rodrigues ML, Nosanchuk JD. Fungal diseases as neglected pathogens: A wake-
up call to public health officials. PloS Negl Trop Dis (2020) 14:E0007964. doi: 10.1371/
journal.pntd.0007964

309. Tso GHW, Reales-Calderon JA, Pavelka N. The elusive anti-candida vaccine:
lessons from the past and opportunities for the future. Front Immunol (2018) 9:897.
doi: 10.3389/fimmu.2018.00897

310. De Bernardis F, Graziani S, Tirelli F, Antonopoulou S. Candida vaginitis:
virulence, host response and vaccine prospects. Med Mycology (2018) 56:526-31. doi:
10.1093/mmy/myx139

311. Schmidt CS, White CJ, Ibrahim AS, Filler SG, Fu Y, Yeaman MR, et al. Ndv-3,
A recombinant alum-adjuvanted vaccine for candida and staphylococcus aureus is safe
and immunogenic in healthy adults. Vaccine (2012) 30:7594-600. doi: 10.1016/
j.vaccine.2012.10.038

312. Edwards JE]Jr., Schwartz MM, Schmidt CS, Sobel JD, Nyirjesy P, Schodel F, et al.
A fungal immunotherapeutic vaccine (Ndv-3a) for treatment of recurrent vulvovaginal
candidiasis-A phase 2 randomized, double-blind, placebo-controlled trial. Clin Infect
Dis (2018) 66:1928-36. doi: 10.1093/cid/ciy185

313. Shubitz LF, Yu JJ, Hung CY, Kirkland TN, Peng T, Perrill R, et al. Improved
protection of mice against lethal respiratory infection with coccidioides posadasii using
two recombinant antigens expressed as A single protein. Vaccine (2006) 24:5904-11.
doi: 10.1016/j.vaccine.2006.04.002

314. Rayens E, Rabacal W, Willems HME, Kirton GM, Barber JP, Mousa JJ, et al.
Immunogenicity and protective efficacy of A pan-fungal vaccine in preclinical models
of aspergillosis, candidiasis, and pneumocystosis. Pnas Nexus (2022) 1:Pgac248. doi:
10.1093/pnasnexus/pgac248

315. Torosantucci A, Bromuro C, Chiani P, De Bernardis F, Berti F, Galli C, et al. A
novel glyco-conjugate vaccine against fungal pathogens. J Exp Med (2005) 202:597-606.
doi: 10.1084/jem.20050749

316. Bromuro C, Romano M, Chiani P, Berti F, Tontini M, Proietti D, et al. Beta-
glucan-crm197 conjugates as candidates antifungal vaccines. Vaccine (2010) 28:2615—
23. doi: 10.1016/j.vaccine.2010.01.012

317. Garey KW, Rege M, Pai MP, Mingo DE, Suda K]J, Turpin RS, et al. Time to
initiation of fluconazole therapy impacts mortality in patients with candidemia: A
multi-institutional study. Clin Infect Dis (2006) 43:25-31. doi: 10.1086/504810

318. Willinger B, Lackner M, Lass-Florl C, Prattes J, Posch V, Selitsch B, et al.
Bronchoalveolar lavage lateral-flow device test for invasive pulmonary aspergillosis in
solid organ transplant patients: A semiprospective multicenter study. Transplantation
(2014) 98:898-902. doi: 10.1097/TP.0000000000000153

319. Jenks JD, Prattes J, Frank J, Spiess B, Mehta SR, Boch T, et al. Performance of
the bronchoalveolar lavage fluid aspergillus galactomannan lateral flow assay with cube
reader for diagnosis of invasive pulmonary aspergillosis: A multicenter cohort study.
Clin Infect Dis (2021) 73:E1737-44. doi: 10.1093/cid/ciaal281

320. Mylonakis E, Clancy CJ, Ostrosky-Zeichner L, Garey KW, Alangaden GJ,
Vazquez JA, et al. T2 magnetic resonance assay for the rapid diagnosis of candidemia in
whole blood: A clinical trial. Clin Infect Dis (2015) 60:892-9. doi: 10.1093/cid/ciu959

321. Clancy CJ, Pappas PG, Vazquez J, Judson MA, Kontoyiannis DP, Thompson
GR, et al. Detecting infections rapidly and easily for candidemia trial, part 2 (Direct2):
A prospective, multicenter study of the T2candida panel. Clin Infect Dis (2018)
66:1678-86. doi: 10.1093/cid/cix1095

322. Leach L, Zhu Y, Chaturvedi S. Development and validation of A real-time pcr
assay for rapid detection of Candida auris from surveillance samples. J Clin Microbiol
(2018) 56:€01223-17. doi: 10.1128/JCM.01223-17

323. Wang Q, Kontoyiannis DP, Li R, Chen W, Bu D, Liu W. A novel broad allele-
specific tagman real-time pcr method to detect triazole-resistant strains of aspergillus
fumigatus, even with A very low percentage of triazole-resistant cells mixed with
triazole-susceptible cells. J Clin Microbiol (2019) 57:00604-19. doi: 10.1128/
JCM.00604-19

frontiersin.org


https://doi.org/10.1172/JCI134778
https://doi.org/10.1038/s41564-018-0298-0
https://doi.org/10.1038/s41564-018-0298-0
https://doi.org/10.1038/s41564-020-0780-3
https://doi.org/10.1038/s41564-020-0780-3
https://doi.org/10.1038/nrmicro.2017.90
https://doi.org/10.1038/s41467-020-16120-z
https://doi.org/10.1016/j.intimp.2022.108621
https://doi.org/10.1016/j.intimp.2022.108621
https://doi.org/10.3389/fimmu.2022.840610
https://doi.org/10.3389/fimmu.2023.1122063
https://doi.org/10.3389/fimmu.2023.1122063
https://doi.org/10.1002/cti2.1099
https://doi.org/10.1177/0271678X18792372
https://doi.org/10.1016/j.molimm.2015.08.004
https://doi.org/10.1093/cid/ciaa1189
https://doi.org/10.1038/nrgastro.2012.225
https://doi.org/10.1111/pim.12946
https://doi.org/10.1111/pim.12946
https://doi.org/10.1038/nrd.2017.46
https://doi.org/10.1007/BF01691218
https://doi.org/10.1097/QAD.0b013e3283536a93
https://doi.org/10.4049/jimmunol.162.3.1633
https://doi.org/10.4049/jimmunol.162.3.1633
https://doi.org/10.1086/315277
https://doi.org/10.1086/322710
https://doi.org/10.1016/j.critrevonc.2015.10.005
https://doi.org/10.1073/pnas.1312789111
https://doi.org/10.1182/blood-2016-04-703751
https://doi.org/10.1182/blood-2016-04-703751
https://doi.org/10.3109/08880018.2013.868562
https://doi.org/10.1038/bmt.2015.53
https://doi.org/10.1086/503428
https://doi.org/10.1086/503428
https://doi.org/10.1155/2013/403121
https://doi.org/10.1128/AAC.42.6.1437
https://doi.org/10.1128/AAC.49.3.952-958.2005
https://doi.org/10.1038/nrd3074
https://doi.org/10.1371/journal.pntd.0007964
https://doi.org/10.1371/journal.pntd.0007964
https://doi.org/10.3389/fimmu.2018.00897
https://doi.org/10.1093/mmy/myx139
https://doi.org/10.1016/j.vaccine.2012.10.038
https://doi.org/10.1016/j.vaccine.2012.10.038
https://doi.org/10.1093/cid/ciy185
https://doi.org/10.1016/j.vaccine.2006.04.002
https://doi.org/10.1093/pnasnexus/pgac248
https://doi.org/10.1084/jem.20050749
https://doi.org/10.1016/j.vaccine.2010.01.012
https://doi.org/10.1086/504810
https://doi.org/10.1097/TP.0000000000000153
https://doi.org/10.1093/cid/ciaa1281
https://doi.org/10.1093/cid/ciu959
https://doi.org/10.1093/cid/cix1095
https://doi.org/10.1128/JCM.01223-17
https://doi.org/10.1128/JCM.00604-19
https://doi.org/10.1128/JCM.00604-19
https://doi.org/10.3389/fimmu.2023.1292625
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Elalouf et al.

324. Hoenigl M, Koidl C, Duettmann W, Seeber K, Wagner ], Buzina W, et al.
Bronchoalveolar lavage lateral-flow device test for invasive pulmonary aspergillosis
diagnosis in haematological Malignancy and solid organ transplant patients. J Infect
(2012) 65:588-91. doi: 10.1016/j.jinf.2012.10.003

325. Thornton CR. Development of an immunochromatographic lateral-flow device
for rapid serodiagnosis of invasive aspergillosis. Clin Vaccine Immunol (2008) 15:1095-
105. doi: 10.1128/CVI.00068-08

326. Stucky Hunter E, Richardson MD, Denning DW. Evaluation of ldbio
aspergillus ict lateral flow assay for igg and igm antibody detection in chronic
pulmonary aspergillosis. J Clin Microbiol (2019) 57:¢00538-19. doi: 10.1371/
journal.pone.0238855

327. Johnson GL, Sarker SJ, Nannini F, Ferrini A, Taylor E, Lass-Florl C, et al.
Aspergillus-specific lateral-flow device and real-time pcr testing of bronchoalveolar
lavage fluid: A combination biomarker approach for clinical diagnosis of invasive
pulmonary aspergillosis. J Clin Microbiol (2015) 53:2103-8. doi: 10.1128/JCM.00110-
15

328. Eigl S, Prattes J, Reinwald M, Thornton CR, Reischies F, Spiess B, et al.
Influence of mould-active antifungal treatment on the performance of the aspergillus-
specific bronchoalveolar lavage fluid lateral-flow device test. Int ] Antimicrob Agents
(2015) 46:401-5. doi: 10.1016/j.jjantimicag.2015.05.017

329. Andes DR, Safdar N, Baddley JW, Playford G, Reboli AC, Rex JH, et al. Impact
of treatment strategy on outcomes in patients with candidemia and other forms of
invasive candidiasis: A patient-level quantitative review of randomized trials. Clin Infect
Dis (2012) 54:1110-22. doi: 10.1093/cid/cis021

330. Andes DR, Safdar N, Baddley JW, Alexander B, Brumble L, Freifeld A, et al. The
epidemiology and outcomes of invasive candida infections among organ transplant
recipients in the United States: results of the transplant-associated infection
surveillance network (Transnet). Transpl Infect Dis (2016) 18:921-31. doi: 10.1111/
tid.12613

331. Mora-Duarte J, Betts R, Rotstein C, Colombo AL, Thompson-Moya L,
Smietana J, et al. Comparison of caspofungin and amphotericin B for invasive
candidiasis. N Engl ] Med (2002) 347:2020-9. doi: 10.1056/NEJMo0a021585

332. Reboli AC, Rotstein C, Pappas PG, Chapman SW, Kett DH, Kumar D, et al.
Anidulafungin versus fluconazole for invasive candidiasis. N Engl ] Med (2007)
356:2472-82. doi: 10.1056/NEJM02a066906

333. Kullberg BJ, Viscoli C, Pappas PG, Vazquez J, Ostrosky-Zeichner L, Rotstein C,
et al. Isavuconazole versus caspofungin in the treatment of candidemia and other
invasive candida infections: the active trial. Clin Infect Dis (2019) 68:1981-9. doi:
10.1093/cid/ciy827

334. Pappas PG, Kauffman CA, Andes DR, Clancy CJ, Marr KA, Ostrosky-Zeichner
L, et al. Clinical practice guideline for the management of candidiasis: 2016 update by
the infectious diseases society of america. Clin Infect Dis (2015) 62:E1-E50.
doi: 10.1093/cid/civ933

335. Pappas PG, Rotstein CM, Betts RF, Nucci M, Talwar D, De Waele JJ, et al.
Micafungin versus caspofungin for treatment of candidemia and other forms of
invasive candidiasis. Clin Infect Dis (2007) 45:883-93. doi: 10.1086/520980

336. RexJH, Bennett JE, Sugar AM, Pappas PG, van der Horst CM, Edwards JE, et al.
A randomized trial comparing fluconazole with amphotericin B for the treatment of
candidemia in patients without neutropenia. Candidemia study group and the national
institute. N Engl ] Med (1994) 331:1325-30. doi: 10.1056/NEJM199411173312001

337. Rex JH, Pappas PG, Karchmer AW, Sobel J, Edwards JE, Hadley S, et al. A
randomized and blinded multicenter trial of high-dose fluconazole plus placebo versus
fluconazole plus amphotericin B as therapy for candidemia and its consequences in
nonneutropenic subjects. Clin Infect Dis (2003) 36:1221-8. doi: 10.1086/374850

338. Kullberg BJ, Sobel JD, Ruhnke M, Pappas PG, Viscoli C, Rex JH, et al.
Voriconazole versus A regimen of amphotericin B followed by fluconazole for
candidaemia in non-neutropenic patients: A randomised non-inferiority trial. Lancet
(2005) 366:1435-42. doi: 10.1016/S0140-6736(05)67490-9

339. Kauffman CA, Vazquez JA, Sobel JD, Gallis HA, Mckinsey DS, Karchmer AW,
et al. Prospective multicenter surveillance study of funguria in hospitalized patients.
The national institute for allergy and infectious diseases (Niaid) mycoses study group.
Clin Infect Dis (2000) 30:14-8. doi: 10.1086/313583

340. Patterson TF, Thompson GR, Denning DW, Fishman JA, Hadley S, Herbrecht
R, et al. Practice guidelines for the diagnosis and management of aspergillosis: 2016
update by the infectious diseases society of america. Clin Infect Dis (2016) 63:E1-E60.
doi: 10.1093/cid/ciw326

341. Husain S, Camargo JF. Invasive aspergillosis in solid-organ transplant
recipients: guidelines from the american society of transplantation infectious diseases
community of practice. Clin Transplant (2019) 33:E13544. doi: 10.1111/ctr.13544

342. Cornely OA, Arikan-Akdagli S, Dannaoui E, Groll AH, Lagrou K, Chakrabarti
A, et al. Escmid and ecmm joint clinical guidelines for the diagnosis and management
of mucormycosis 2013. Clin Microbiol Infect (2014) 20 Suppl 3:5-26. doi: 10.1111/
1469-0691.12371

343. Garcia-Vidal C. [Current therapeutic options in invasive mycosis and potential
therapeutic role of isavuconazole]. Rev Iberoam Micol (2018) 35:192-7. doi: 10.1016/
jriam.2018.07.003

344. Sipsas NV, Gamaletsou MN, Anastasopoulou A, Kontoyiannis DP. Therapy of
mucormycosis. J Fungi (Basel) (2018) 4:90. doi: 10.3390/j0f4030090

Frontiers in Immunology

10.3389/fimmu.2023.1292625

345. Garcia-Vidal C, Alastruey-Izquierdo A, Aguilar-Guisado M, Carratala J, Castro
C, Fernandez-Ruiz M, et al. Executive summary of clinical practice guideline for the
management of invasive diseases caused by aspergillus: 2018 update by the gemicomed-
seimc/reipi. Enferm Infecc Microbiol Clin (Engl Ed) (2019) 37:535-41. doi: 10.1016/
j.eimc.2018.03.018

346. Neofytos D, Ostrander D, Shoham S, Laverdiere M, Hiemenz J, Nguyen H, et al.
Voriconazole therapeutic drug monitoring: results of A prematurely discontinued
randomized multicenter trial. Transpl Infect Dis (2015) 17:831-7. doi: 10.1111/
tid.12454

347. Ullmann AJ, Aguado JM, Arikan-Akdagli S, Denning DW, Groll AH, Lagrou K,
et al. Diagnosis and management of aspergillus diseases: executive summary of the 2017
escmid-ecmme-ers guideline. Clin Microbiol Infect (2018) 24 Suppl 1:E1-E38. doi:
10.1016/j.cmi.2018.01.002

348. Kieu V, Jhangiani K, Dadwal S, Nakamura R, Pon D. Effect of isavuconazole on
tacrolimus and sirolimus serum concentrations in allogeneic hematopoietic stem cell
transplant patients: A drug-drug interaction study. Transpl Infect Dis (2019) 21:E13007.
doi: 10.1111/tid.13007

349. Lumbreras C, Cuervas-Mons V, Jara P, Del Palacio A, Turriéon VS, Barrios C,
et al. Randomized trial of fluconazole versus nystatin for the prophylaxis of candida
infection following liver transplantation. J Infect Dis (1996) 174:583-8. doi: 10.1093/
infdis/174.3.583

350. Sharpe MD, Ghent C, Grant D, Horbay GL, Mcdougal ], David Colby W.
Efficacy and safety of itraconazole prophylaxis for fungal infections after orthotopic
liver transplantation: A prospective, randomized, double-blind study. Transplantation
(2003) 76:977-83. doi: 10.1097/01.TP.0000085653.11565.52

351. Lorf T, Braun F, Riichel R, Miiller A, Sattler B, Ringe B. Systemic mycoses
during prophylactical use of liposomal amphotericin B (Ambisome) after liver
transplantation. Mycoses (1999) 42:47-53. doi: 10.1046/j.1439-0507.1999.00266.x

352. Fortan J, Martin-Davila P, Montejo M, Muiioz P, Cisneros JM, Ramos A, et al.
Prophylaxis with caspofungin for invasive fungal infections in high-risk liver transplant
recipients. Transplantation (2009) 87:424-35. doi: 10.1097/TP.0b013e3181932¢76

353. Lavezzo B, Stratta C, Ballaris MA, Tandoi F, Panio A, Donadio PP, et al.
Invasive candida infections in low risk liver transplant patients given no antifungal
prophylaxis in the post-operative period. Transplant Proc (2014) 46:2312-3. doi:
10.1016/j.transproceed.2014.08.005

354. Evans JD, Morris PJ, Knight SR. Antifungal prophylaxis in liver
transplantation: A systematic review and network meta-analysis. Am J Transplant
(2014) 14:2765-76. doi: 10.1111/ajt.12925

355. Huprikar S. Revisiting antifungal prophylaxis in high-risk liver transplant
recipients. Am J Transplant (2014) 14:2683-4. doi: 10.1111/ajt.12989

356. Benedetti E, Gruessner AC, Troppmann C, Papalois BE, Sutherland DE, Dunn
DL, et al. Intra-abdominal fungal infections after pancreatic transplantation: incidence,
treatment, and outcome. ] Am Coll Surg (1996) 183:307-16.

357. Aslam S, Rotstein C. Candida infections in solid organ transplantation:
guidelines from the american society of transplantation infectious diseases
community of practice. Clin Transplant (2019) 33:E13623. doi: 10.1111/ctr.13623

358. Baker AW, Maziarz EK, Arnold CJ, Johnson MD, Workman AD,
Reynolds JM, et al. Invasive fungal infection after lung transplantation: epidemiology
in the setting of antifungal prophylaxis. Clin Infect Dis (2020) 70:30-9. doi: 10.1093/cid/
ciz156

359. Marr KA, Schlamm HT, Herbrecht R, Rottinghaus ST, Bow EJ, Cornely OA,
et al. Combination antifungal therapy for invasive aspergillosis: A randomized trial.
Ann Intern Med (2015) 162:81-9. doi: 10.7326/M13-2508

360. Valerio M, Vena A, Bouza E, Reiter N, Viale P, Hochreiter M, et al. How much
european prescribing physicians know about invasive fungal infections management?
BMC Infect Dis (2015) 15:80. doi: 10.1186/s12879-015-0809-z

361. Lipp HP. Antifungal agents—clinical pharmacokinetics and drug interactions.
Mycoses (2008) 51 Suppl 1:7-18. doi: 10.1111/j.1439-0507.2008.01523.x

362. Mellinghoft SC, Panse J, Alakel N, Behre G, Buchheidt D, Christopeit M, et al.
Primary prophylaxis of invasive fungal infections in patients with haematological
Malignancies: 2017 update of the recommendations of the infectious diseases working
party (Agiho) of the german society for haematology and medical oncology (Dgho).
Ann Hematol (2018) 97:197-207. doi: 10.1007/s00277-017-3196-2

363. Dekkers BGJ, Bakker M, van der Elst KCM, Sturkenboom MGG, Veringa A,
Span LFR, et al. Therapeutic drug monitoring of posaconazole: an update. Curr Fungal
Infect Rep (2016) 10:51-61. doi: 10.1007/s12281-016-0255-4

364. Stott KE, Hope WW. Therapeutic drug monitoring for invasive mould
infections and disease: pharmacokinetic and pharmacodynamic considerations. J
Antimicrob Chemother (2017) 72:112-8. doi: 10.1093/jac/dkx029

365. Lamoth F, Chung SJ, Damonti L, Alexander BD. Changing epidemiology of
invasive mold infections in patients receiving azole prophylaxis. Clin Infect Dis (2017)
64:1619-21. doi: 10.1093/cid/cix130

366. Neofytos D, Chatzis O, Nasioudis D, Boely Janke E, Doco Lecompte T, Garzoni
C, et al. Epidemiology, risk factors and outcomes of invasive aspergillosis in solid organ
transplant recipients in the swiss transplant cohort study. Transpl Infect Dis (2018) 20:
E12898. doi: 10.1111/tid.12898

367. Pelaez T, Muioz P, Guinea ], Valerio M, Giannella M, Klaassen CH, et al.
Outbreak of invasive aspergillosis after major heart surgery caused by spores in the air
of the intensive care unit. Clin Infect Dis (2012) 54:E24-31. doi: 10.1093/cid/cir771

frontiersin.org


https://doi.org/10.1016/j.jinf.2012.10.003
https://doi.org/10.1128/CVI.00068-08
https://doi.org/10.1371/journal.pone.0238855
https://doi.org/10.1371/journal.pone.0238855
https://doi.org/10.1128/JCM.00110-15
https://doi.org/10.1128/JCM.00110-15
https://doi.org/10.1016/j.ijantimicag.2015.05.017
https://doi.org/10.1093/cid/cis021
https://doi.org/10.1111/tid.12613
https://doi.org/10.1111/tid.12613
https://doi.org/10.1056/NEJMoa021585
https://doi.org/10.1056/NEJMoa066906
https://doi.org/10.1093/cid/ciy827
https://doi.org/10.1093/cid/civ933
https://doi.org/10.1086/520980
https://doi.org/10.1056/NEJM199411173312001
https://doi.org/10.1086/374850
https://doi.org/10.1016/S0140-6736(05)67490-9
https://doi.org/10.1086/313583
https://doi.org/10.1093/cid/ciw326
https://doi.org/10.1111/ctr.13544
https://doi.org/10.1111/1469-0691.12371
https://doi.org/10.1111/1469-0691.12371
https://doi.org/10.1016/j.riam.2018.07.003
https://doi.org/10.1016/j.riam.2018.07.003
https://doi.org/10.3390/jof4030090
https://doi.org/10.1016/j.eimc.2018.03.018
https://doi.org/10.1016/j.eimc.2018.03.018
https://doi.org/10.1111/tid.12454
https://doi.org/10.1111/tid.12454
https://doi.org/10.1016/j.cmi.2018.01.002
https://doi.org/10.1111/tid.13007
https://doi.org/10.1093/infdis/174.3.583
https://doi.org/10.1093/infdis/174.3.583
https://doi.org/10.1097/01.TP.0000085653.11565.52
https://doi.org/10.1046/j.1439-0507.1999.00266.x
https://doi.org/10.1097/TP.0b013e3181932e76
https://doi.org/10.1016/j.transproceed.2014.08.005
https://doi.org/10.1111/ajt.12925
https://doi.org/10.1111/ajt.12989
https://doi.org/10.1111/ctr.13623
https://doi.org/10.1093/cid/ciz156
https://doi.org/10.1093/cid/ciz156
https://doi.org/10.7326/M13-2508
https://doi.org/10.1186/s12879-015-0809-z
https://doi.org/10.1111/j.1439-0507.2008.01523.x
https://doi.org/10.1007/s00277-017-3196-2
https://doi.org/10.1007/s12281-016-0255-4
https://doi.org/10.1093/jac/dkx029
https://doi.org/10.1093/cid/cix130
https://doi.org/10.1111/tid.12898
https://doi.org/10.1093/cid/cir771
https://doi.org/10.3389/fimmu.2023.1292625
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Elalouf et al.

368. Mufoz P, Ceron I, Valerio M, Palomo ], Villa A, Eworo A, et al. Invasive
aspergillosis among heart transplant recipients: A 24-year perspective. ] Heart Lung
Transplant (2014) 33:278-88. doi: 10.1016/j.healun.2013.11.003

369. Snydman DR. Posttransplant microbiological surveillance. Clin Infect Dis
(2001) 33 Suppl 1:522-5. doi: 10.1086/320900

370. Johnson MD, Lewis RE, Dodds Ashley ES, Ostrosky-Zeichner L, Zaoutis T,
Thompson GR, et al. Core recommendations for antifungal stewardship: A statement
of the mycoses study group education and research consortium. J Infect Dis (2020) 222:
§175-98. doi: 10.1093/infdis/jiaa394

371. Cornely OA, Alastruey-Izquierdo A, Arenz D, Chen SCA, Dannaoui E,
Hochhegger B, et al. Global guideline for the diagnosis and management of
mucormycosis: an initiative of the european confederation of medical mycology in
cooperation with the mycoses study group education and research consortium. Lancet
Infect Dis (2019) 19:E405-21. doi: 10.1016/51473-3099(19)30312-3

372. Chen SC, Perfect J, Colombo AL, Cornely OA, Groll AH, Seidel D, et al. Global
guideline for the diagnosis and management of rare yeast infections: an initiative of the
ecmm in cooperation with isham and asm. Lancet Infect Dis (2021) 21:E375-86. doi:
10.1016/51473-3099(21)00203-6

373. Thompson GR, Le T, Chindamporn A, Kauffman CA, Alastruey-Izquierdo A,
Ampel NM, et al. Global guideline for the diagnosis and management of the endemic
mycoses: an initiative of the european confederation of medical mycology in
cooperation with the international society for human and animal mycology. Lancet
Infect Dis (2021) 21:E364-74. doi: 10.1016/S1473-3099(21)00191-2

Frontiers in Immunology

27

10.3389/fimmu.2023.1292625

374. Kis Z, Shattock R, Shah N, Kontoravdi C. Emerging technologies for low-cost,
rapid vaccine manufacture. Biotechnol ] (2019) 14:E1800376. doi: 10.1002/
biot.201800376

375. Benedict K, Richardson M, Vallabhaneni S, Jackson BR, Chiller T. Emerging
issues, challenges, and changing epidemiology of fungal disease outbreaks. Lancet Infect
Dis (2017) 17:E403-11. doi: 10.1016/S1473-3099(17)30443-7

376. Argy N, Le Gal S, Coppee R, Song Z, Vindrios W, Massias L, et al. Pneumocystis
cytochrome B mutants associated with atovaquone prophylaxis failure as the cause of
pneumocystis infection outbreak among heart transplant recipients. Clin Infect Dis
(2018) 67:913-9. doi: 10.1093/cid/ciy154

377. Zhai B, Ola M, Rolling T, Tosini NL, Joshowitz S, Littmann ER, et al. High-
resolution mycobiota analysis reveals dynamic intestinal translocation preceding
invasive candidiasis. Nat Med (2020) 26:59-64. doi: 10.1038/s41591-019-0709-7

378. Chow NA, Gade L, Tsay SV, Forsberg K, Greenko JA, Southwick KL, et al.
Multiple introductions and subsequent transmission of multidrug-resistant candida
auris in the usa: A molecular epidemiological survey. Lancet Infect Dis (2018) 18:1377—
84. doi: 10.1016/S1473-3099(18)30597-8

379. Schmidt S, Hogardt M, Demir A, Réger F, Lehrnbecher T. Immunosuppressive
compounds affect the fungal growth and viability of defined aspergillus species.
Pathogens (2019) 8:273. doi: 10.3390/pathogens8040273

380. Le Gal S, Toubas D, Totet A, Dalle F, Abou Bacar A, Le Meur Y, et al.
Pneumocystis infection outbreaks in organ transplantation units in France: A nation-
wide survey. Clin Infect Dis (2020) 70:2216-20. doi: 10.1093/cid/ciz901

frontiersin.org


https://doi.org/10.1016/j.healun.2013.11.003
https://doi.org/10.1086/320900
https://doi.org/10.1093/infdis/jiaa394
https://doi.org/10.1016/S1473-3099(19)30312-3
https://doi.org/10.1016/S1473-3099(21)00203-6
https://doi.org/10.1016/S1473-3099(21)00191-2
https://doi.org/10.1002/biot.201800376
https://doi.org/10.1002/biot.201800376
https://doi.org/10.1016/S1473-3099(17)30443-7
https://doi.org/10.1093/cid/ciy154
https://doi.org/10.1038/s41591-019-0709-7
https://doi.org/10.1016/S1473-3099(18)30597-8
https://doi.org/10.3390/pathogens8040273
https://doi.org/10.1093/cid/ciz901
https://doi.org/10.3389/fimmu.2023.1292625
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Modulatory immune responses in fungal infection associated with organ transplant - advancements, management, and challenges
	Introduction
	Immune responses in organ transplant
	Immune system in organ transplant- modulation, signaling, and activation
	Immune memory in organ transplant
	Immune enhancement strategies in infection

	Infections
	Infections before, at, and after transplantation and the infection’s timeline
	Infected donor organ
	Risk of infection
	Infections- different types of microbiomes- donor and recipient
	Donor- and recipient-derived infections
	Timeline of infection

	Fungal Infection
	Characteristics and evolution of fungal spectrum
	Common fungal infection
	Timeline of fungal infection
	Risk factors leading to fungal infection in organ transplant
	Endemic, geographically restricted fungal infection
	Immune responses against fungal infection
	Key immunomodulatory approaches adapted by fungal infection
	Current models of diagnosis, treatment, and follow-up

	Strategies enhancing immune response, management, and addressing challenges related to fungal infection in organ transplant
	Mechanisms for detection of fungal infection
	Immune responses and immunotherapeutic interventions
	Antifungal prophylaxis
	Predicting techniques, management, and follow-up of fungal infection
	Prevention, systemic evaluation, and recommendations- fungal infection in recipients
	Challenges associated with present strategies- treatment interactions

	Future perspective
	Evaluating present understanding and challenges in immune-fungal interactions in current therapies
	Future directions to improve recipient outcomes concerning fungal infection post-transplant

	Concluding remarks
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


