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Alkaline phosphatase (ALP) is a ubiquitously expressed dephosphorylating

enzyme and its level in blood is widely used as a diagnosis marker of liver

damage or bone disorders in human patients. ALP is also considered as an anti-

inflammatory protein due to its ability to dephosphorylate and inactivate

inflammation-triggering molecules such as lipopolysaccharide (LPS). Placental

alkaline phosphatase (ALPP) is one of tissue-specific ALP isozymes expressed

mostly during pregnancy, however it was found to be differentially upregulated in

certain hepatocellular carcinomas by us recently. In addition, ALPP has been

identified as a reliable biomarker of diverse germ cell tumors. Nevertheless, little

is known of its immune modulatory role in vivo. In this study, we generated ALPP

transgenic mice and tested these mice in the LPS-induced sepsis and male-to-

female skin graft rejectionmodels. Our results showed that ALPP transgenic mice

are more susceptible to intraperitoneal injection of LPS in comparison to control

animals. In addition, female ALPP transgenic mice were better at delaying the

rejection of male skin grafts. In an in vitro phagocytosis experiment, addition of

exogenous ALPP compromised the phagocytic ability of THP-1 monocytic cells.

These results indicate that excess ALPP plays a role inmodulating both innate and

adaptive immune functions.
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Introduction

Alkaline phosphatase (ALP) is a dephosphorylating enzyme

capable of hydrolyzing the phosphate moiety from various

biological compounds such as nucleic acids, phospholipids and

phosphoproteins (1–3). ALP is expressed ubiquitously in most

prokaryotic and eukaryotic organisms, including E. coli and

human (3, 4). In human, ALP is derived mostly from liver and

bone, and plays an important role in the physiological functions of

several essential tissues/organs, such as metabolic regulation within

liver and skeletal mineralization for bone turnover (1, 5–8). In

clinical settings, ALP is recognized now as a reliable diagnostic and

prognostic marker for several human diseases and hence a routine

monitor of blood ALP level is often recommended.

On the other hand, ALP is capable of reducing inflammation by

dephosphorylating some inflammation-triggering molecules such

as bacterial lipopolysaccharides (LPS) and extracellular nucleotides

(9–13). These inflammation-triggering molecules are pro-

inflammatory signals that may lead to undesirable local and/or

systemic inflammation, inducing septic shock, when not controlled

stringently (14, 15). Importantly, the parenteral administration of

ALP to patients with severe sepsis showed a significant

improvement of renal function in several clinical trials, suggesting

a potential role for ALP in immune modulation in vivo (16–18).

Interestingly, four distinct ALP isozymes encoded by as many

different genes are expressed in human. These ALPs are divided into

two categories, namely the tissue-nonspecific and tissue-specific

types (19, 20). The tissue-nonspecific ALP (also called ALPL) is

expressed mainly in liver, bone, and kidney by a gene on the

chromosome 1 (21). On the other hand, the tissue-specific ALPs,

including those expressed in intestine (intestinal ALP, ALPI),

placenta (placental ALP, ALPP) and germinal tissues (germinal

ALP, ALPG), are produced by genes located on the chromosome 2

(22). Normally, ALPL represents the predominant ALP isozyme in

circulation, but the tissue-specific ALPs may also contribute to the

serum ALP pool under specific conditions.

Among the tissue-specific ALP isozymes, ALPP is expressed

primarily in the placenta, especially syncytiotrophoblasts and

primordial germ cells, starting in early weeks of gestation and

continuing to increase its expression throughout pregnancy (23, 24).

ALPP is a glycosylated membrane-bound dimeric enzyme tethered to

the cell surface via the glycosylphosphatidylinositol (GPI) anchor (25).

In addition, ALPP could also be released from cell membrane as a

secretory protein following the digestion by specific phospholipases.

Moreover, ALPP has also been identified as a biomarker of various

germ cell tumors such as seminoma and dysgerminoma (26, 27). These

findings altogether suggest a physiological function unique to placenta

during pregnancy for ALPP. Additionally, our recent study identified

unusually elevated ALPP expression in human hepatocellular

carcinomas with enhanced motility, suggesting a pro-tumorigenic

role that extends beyond its placenta-specific functions (unpublished

results). Given the immune modulatory role of ALP in septic infection,

we decided to investigate the systematic effect of ALPP on the immune

responses of LPS-induced sepsis and skin transplantation in vivo by

establishing a transgenic animal model of ALPP over-expression. Our

results indicate that ALPP transgenic mice are more susceptible to LPS-
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induced sepsis and are more resistant to male-to-female skin graft

rejection. Moreover, the phagocytic ability of THP-1 monocytic cells

was attenuated by the addition of exogenous ALPP. In summary, we

conclude that ALPP plays a modulatory role in both innate and

adaptive immune systems.
Materials and methods

Generation of ALPP transgenic mice

The expression construct containing the full-length human

ALPP cDNA in the pCMV6-XL4 vector (TrueClone™ ,

NM_001632, SC119167) was purchased from OriGene

Technologies, Inc. (Rockville, MD). To generate transgenic mice

constitutively expressing human ALPP, an ALPP expression vector

was constructed by inserting the full-length ALPP cDNA into the

pCAGGS vector (Addgene, Cambridge, MA) via the EcoR I and Xba

I/Bag I restriction sites. DNA sequencing was performed to confirm

the authentication of the ALPP cDNA fragment of the final

construct. The pCAGGS-ALPP construct was linearized and

purified for pronuclear injection of mouse embryos as described

elsewhere. Generation of the ALPP-transgenic mice was carried out

in the National Laboratory Animal Center, Taiwan using standard

procedures as described (28) and verified by genotyping PCR

analysis of tissue DNA samples using specific ALPP primers (5’-

GAGGACTCGGGATCTTCAGG-3’ and 5’-GGGACTACAG

GCGCATAGAT-3’). Briefly, fertilized eggs (zygotes) were

collected from superovulated donor FVB/N female mice after

mating with stud males. The zygotes were carefully washed in

medium and microinjected with purified transgenic DNA (2 ng/mL)
using an automated microinjector set to a constant flow rate of 50

hPa. Microinjected zygotes were cultured overnight until they

reached the two-cell embryo stage, then transferred into pseudo-

pregnant recipient mice. Pregnancies were monitored, and the

recipient mice were expected to deliver pups after approximately

20 days. The pups were routinely observed for normal development,

and a small tissue biopsy was collected around 10 days after birth

for DNA isolation and genotyping to confirm the transgenic

founder animals. After verification, the founder animals were

bred with wild-type C57/BL6 mice to establish the transgenic

mouse line. The mice were housed under a 12-hour light/dark

cycle in a controlled environment with a constant temperature of

22°C and 55 ± 10% humidity. They had unrestricted access to a

standard rodent diet and water. The animal experiments have been

reviewed and approved by the Institutional Animal Care and Use

Committee (IACUC) of Chang Gung Memorial Hospital-Linkuo,

Taiwan (Approval No. 2022032901). Details of all reagents are

provided in Supplementary Table 1.
Animal model of LPS-induced septic shock

Sex-matched control C57BL/6 (B6) and ALPP-transgenic mice

of similar ages (8 to 12 wk-old) were injected intraperitoneally (ip)

with 15 mg/kg of LPS from Escherichia coli serotype O111:B4
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(Sigma Chemical Co.), which produced a 30% lethality in pretested

animals. Mice were monitored at least twice daily for endotoxemia

by assessing signs such as reduced activity, unsteady gait,

diminished appetite, and increased eye secretions. The

progression of endotoxemia was ultimately determined by

animal mortality.
Skin grafting experiments on mice

Grafting of male mouse skin onto female mice was conducted

according to a modified technique of Billingham et al. (29). Briefly,

female B6 and ALPP-transgenic mice were anesthetized with a

mixture of 10 mg/ml Hypnodil and 2 mg/ml Sublimaze (Janssen).

Full thickness tailskin (1 × 1 cm) from male mice was grafted onto

the lateral flank of female mice. Grafts were observed on alternate

days after the removal of the bandage at day 8 post-transplantation

and considered rejected when no viable donor skin was present.

Statistical analysis of graft survival was made using the log-rank test

with Prism 6 edition (30).
In vitrophagocytosis assay

THP-1 cells were cultured in RPMI medium containing 10%

fetal calf serum (FCS) and supplemented with glutamine, b-
mercaptoethanol, amino acids, penicillin, and streptomycin. The

phagocytosis assay of THP-1 cells was carried out using the

pHrodo™ Green BioParticles® Phagocytosis Kit (Invitrogen,

Grand Island, NY, USA) exactly as suggested by the manufacturer

and measured by the flow cytometry analysis. Briefly, THP-1 cells

(5 x 105 cells/well) were incubated without or with 200 nM

recombinant human ALPP (rhALPP)(OriGene Technologies, Inc,

catalog no: TP310504) for 24 h before adding pHrodo™ Green

BioParticles conjugated E. coli (20 mL/well) and incubated at 37°C

for 24 h. The optimal absorption and fluorescence emission maxima

of the pHrodo™ Green BioParticles is approximately 509 nm and

533 nm, respectively. The assay protocol was followed as per

manufacturer instructions. The data was acquired by using BD

FACS calibour and analyzed by cell quest pro software.
Results

ALPP transgenic mice are more susceptible
to LPS-induced sepsis

ALPP transgenic mice were generated with no significant

difficulty and housed in the same animal facility with the wild-type

C57/BL6 mice. The exogenous human ALPP cDNA sequence was

routinely verified by PCR analysis to ensure its transmission to

offspring through successful breeding of the transgenic mouse lines

(Supplementary Figure 1). These results indicate that ALPP over-

expression did not affect the overall development of the animals. In

addition, both gross examination and histopathological analysis of

kidney, liver, spleen, adrenal, thymus, heart and GI tract of ALPP-
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transgenic mice revealed no apparent abnormalities (Supplementary

Figure 2). Flow cytometric analysis of splenocytes of the ALPP

transgenic mice showed normal percentage of T cells, Foxp3+

regulatory T cells, B cells, NK cells, macrophages, dendritic cells

and CD34+ stem cells (Supplementary Table 2). In conclusion, the

development and basal functions of the in vivo immune system in

general seems to be normal in the presence of excess ALPP.

To test the role of ALPP in acute inflammatory responses in vivo,

we first treated transgenic mice and wild-type (WT) B6 mice with

different concentrations of ip injected LPS. As shown in Figure 1,

both transgenic mice and B6 mice were sensitive to LPS treatment in

a dose-dependent manner in younger (< 3 months of age) and older

(> 3 months of age) animals. Furthermore, the older mice were found

to be more susceptible to LPS than the younger mice, as expected.

Interestingly, comparable analyses of the younger mice receiving the

same LPS doses showed that ALPP transgenic mice were more

vulnerable than the WT B6 mice to LPS-induced sepsis (Figure 2).

We conclude that high levels of ALPP exacerbate in vivo systematic

acute inflammatory responses induced by LPS, likely affecting the

effector functions of innate immune cells.
ALPP compromises the in vitro
phagocytotic ability of monocytes

To evaluate the effect of ALPP on innate immune cell functions,

we tested the phagocytic ability of THP-1 cells in the absence or

presence of excess recombinant ALPP. As shown in Figure 3, human

THP-1 monocytic cells expectantly internalized fluorescence-labelled

inactivated, unopsonized E. coli bioparticles upon a period of

incubation. Interestingly however, attenuated phagocytic activities

were clearly noted when cells were treated with exogenously added

ALPP. These data indicate that ALPP negatively regulates the

phagocytic activity of monocytic innate immune cells in vitro.

To investigate the immune modulatory effect of ALPP on LPS-

induced sepsis and the phagocytic activity of monocytic cells, we

carried out a cytokine multiplex assay to measure serum levels of

specific pro-inflammatory and anti-inflammatory cytokines in LPS-

treated mice. As shown in the Supplementary Figure 3, the results

revealed that G-CSF levels at 1, 3, and 5 hrs post-LPS administration

were similarly elevated in both wild-type C57BL/6 and ALPP

transgenic mice. However, at 7 hours, G-CSF levels were

significantly higher in the ALPP transgenic mice compared to the

wild-type group. Notably, no significant differences were observed in

the levels of the other eight cytokines, including GM-CSF, IL-1b, IL-
4, IL-6, IL-10, IL-13, IFN-g, and TNF-a. Taken together, these

findings suggest that ALPP likely exerts its immune modulatory

effects through distinct yet unknown mechanisms.
Female ALPP transgenic mice showed
increased resistance to male skin
graft rejection

Rejection of tissue/organ allotransplantation results from a series

of complex interactions involving various innate and adaptive
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immune cell types, with T cells playing a central role in this process.

Hence, T cell-mediated adaptive immune responses to the allografts

represent a major obstacle to a successful tissue transplantation. To

investigate the role of ALPP in adaptive immune responses, we next

employ an in vivo male-to-female skin graft rejection model. In brief,
Frontiers in Immunology 04
female WT B6 and ALPP transgenic mice were subjected to tissue

grafting of male mouse tail skin onto the lateral flank. The occurrence

of skin graft rejection was monitored continuously for up to 45 days.

Our results showed that while all 5 WT mice rejected male skin grafts

by 45 days post-transplantation, the male skin grafts remained stably
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FIGURE 2

ALPP transgenic mice were more susceptible than C57/BL6 mice to LPS-induced sepsis in a direct comparison of younger animals receiving the ip
injection of same LPS concentrations. Data were derived from at least 5 animals per group and presented as means ± SEM. Two-way ANOVA: *p <
0.05. ns: non-significant.
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FIGURE 1

Dose-dependent LPS-induced septic shock death in young (A) and old (B) WT B6 mice and ALPP transgenic mice. The data showed that older mice
in general were more susceptible to LPS-induced sepsis than the younger mice.
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viable in the 5 female ALPP transgenic mice even until after the 50th

day of tissue transplantation (Figure 4). Specifically, the male skin

grafts on female ALPP transgenic mice were rejected between the 52nd

and 58th days after transplantation.
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Discussion

In this study, we attempted to investigate the immunoregulatory

functions of ALPP, which is a GPI-anchored glycosylated dimeric ALP

isozyme expressed primarily in the placenta (22, 23). As a result of the

GPI linkage, ALPP is shed conditionally from cell surface and secreted

into circulation. In pregnant women, both membrane-bound and

soluble ALPP might have local and systemic functional effects during

pregnancy. Interestingly, our preliminary findings showed elevated

ALPP expression by human hepatocellular carcinomas, suggesting a

possible pregnancy-independent tumorigenic role (unpublished

results). To explore this, we first studied the in vivo immune

function of ALPP by establishing and testing ALPP transgenic mice

in an animal model of LPS-induced septic shock. Our results showed

that ALPP transgenic mice are in fact more susceptible to LPS-induced

sepsis and lethality in comparison to theWTB6mice (Figures 1, 2). As

LPS-induced sepsis is caused by systemic acute inflammatory

responses derived mainly from innate immune cell types including

macrophages and neutrophils, these results indicate that consistently

high levels of ALPP in vivo exacerbate the inflammatory reactions

induced by LPS-activated innate immune cells. Although previous

studies have suggested that ALP may act as an anti-inflammatory

dephosphorylating enzyme of some inflammation-triggering

molecules such as LPS and extracellular nucleotides, other
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FIGURE 4

The results of skin graft survival in female wild-type C57/BL6 and
ALPP transgenic mice receiving male skin transplantation. 5 C57/BL6
and 5 ALPP transgenic mice were included in the male-to-female
skin graft rejection experiment and were monitored for up to 60
days post-transplantation for skin graft survival.
FIGURE 3

The effect of exogenous ALPP on the phagocytic ability of THP-1 cells. Cells were treated without or with 200 mM recombinant human ALPP before
adding the pHrodo™ Green BioParticles® for 0 hr (A) and 24 hr (B). The extent of phagocytosis was determined by the green fluorescence within
cells by flow cytometry analysis. Data were derived from 3 independent experiments and presented as means ± SEM. ns, non-significant; ***p <
0.001. Count, cell number; GFP, fluorescence intensity; MFI, mean fluorescence intensity.
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uncharacterized substrate molecules of ALPP likely exist and may

function to enhance the overall inflammatory reactions induced

by LPS. Moreover, ALP has been implicated in regulating

other physiological functions, including purinergic signaling,

metabolic pathways, and the composition of the intestinal

microbiome (15, 31, 32). These mechanisms may potentially

explain the heightened LPS-induced lethality observed in ALPP

transgenic mice.

In an attempt to further dissect the possible role of ALPP in

modulating innate immune cellular functions, the phagocytic ability

of THP-1 monocytic cell was examined. As expected, THP-1 cells

actively internalized E. coli-bioparticles in the absence of ALPP.

Interestingly however, the phagocytic activities of THP-1 cells were

attenuated upon ALPP treatment, suggesting an impaired phagocytic

function (Figure 3). This result suggests an inhibitory role for ALPP in

the bacterial phagocytosis of THP-1 cells, but the mechanismwhereby

ALPP reduces the phagocytic ability remains to be deciphered.

Finally, we tested the possible effect of ALPP in the adaptive

immune system by using an in vivo male-to-female skin graft

rejection model. Female mice usually reject male skin graft within

45 days, but the skin grants in female ALPP transgenic mice was not

rejected even after 55 days post-transplantation (Figure 4). As T cells

are the key immune cell types responsible for allograft rejection, these

results indicate that ALPP could probably also impair T cell

functions. In summary, our in vivo and in vitro experiments

indicate that ALPP is involved in regulating both the innate and

adaptive immune functions, in part by affecting the cellular functions

of macrophages and T cells. While our current results point to a novel

biological function of ALPP in immunomodulation, a detailed

mechanistic study focusing on ALPP-targeted protein substrates

and cellular signaling mechanisms shall provide insights into the

molecular pathways driving its role in inflammation and its

contribution to disease progression.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be

directed to the corresponding author.
Ethics statement

The animal study was approved by Chang Gung Memorial

Hospital, Taiwan. The study was conducted in accordance with the

local legislation and institutional requirements.
Author contributions

T-CC: Conceptualization, Data curation, Funding acquisition,

Investigation, Methodology, Project administration, Resources,
Frontiers in Immunology 06
Supervision, Writing – original draft, Writing – review & editing. K-

FN: Data curation, Formal analysis, Investigation, Methodology,

Validation, Writing – original draft. NC: Data curation, Formal

analysis, Investigation, Methodology, Writing – original draft. N-YC:

Data curation, Formal analysis, Investigation, Methodology, Validation,

Writing – original draft. H-HL: Conceptualization, Formal

analysis, Funding acquisition, Investigation, Project administration,

Resources, Supervision, Writing – original draft, Writing – review &

editing. Y-LP: Formal analysis, Investigation, Writing – review &

editing. C-AC: Formal analysis, Investigation, Writing – review

& editing. H-CW: Formal analysis, Investigation, Writing – review &

editing. Y-JH: Formal analysis, Investigation, Writing – review

& editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This work

was funded by grants from by Chang Gung Memorial Hospital,

Taiwan (CMRPG3M1061 and CMRPG3M1062 to T-CC,

CMRPD1M0512, CMRPD1M0522 and CMRPD1M0323 to H-

HL) and the National Science and Technology Council (NSTC),

Taiwan (111-2320-B-182A-007 to T-CC, NSTC-113-2320-B-182-

009 to H-HL). The funders had no role in the design of the study; in

the collection, analyses, or interpretation of data; in the writing of

the manuscript, or in the decision to publish the results.
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.
Supplementary material

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1499388/

full#supplementary-material
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1499388/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1499388/full#supplementary-material
https://doi.org/10.3389/fimmu.2025.1499388
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Chen et al. 10.3389/fimmu.2025.1499388
References
1. Vimalraj S. Alkaline phosphatase: Structure, expression and its function in bone
mineralization. Gene. (2020) 754:144855. doi: 10.1016/j.gene.2020.144855

2. Crofton PM. Biochemistry of alkaline phosphatase isoenzymes. Crit Rev Clin Lab
Sci. (1982) 16:161–94. doi: 10.3109/10408368209107027

3. Coleman JE. Structure and mechanism of alkaline phosphatase. Annu Rev Biophys
Biomol Struct. (1992) 21:441–83. doi: 10.1146/annurev.bb.21.060192.002301

4. Wanner BL, Latterell P. Mutants affected in alkaline phosphatase, expression:
evidence for multiple positive regulators of the phosphate regulon in Escherichia coli.
Genetics. (1980) 96:353–66. doi: 10.1093/genetics/96.2.353

5. Azpiazu D, Gonzalo S, Villa-Bellosta R. Tissue non-specific alkaline phosphatase
and vascular calcification: A potential therapeutic target. Curr Cardiol Rev. (2019)
15:91–5. doi: 10.2174/1573403X14666181031141226

6. Hoekstra LT, de Graaf W, Nibourg GA, Heger M, Bennink RJ, Stieger B, et al.
Physiological and biochemical basis of clinical liver function tests: a review. Ann Surg.
(2013) 257:27–36. doi: 10.1097/SLA.0b013e31825d5d47

7. Hu J, Zhang X, Gu J, Yang M, Zhang X, Zhao H, et al. Serum alkaline phosphatase
levels as a simple and useful test in screening for significant fibrosis in treatment-naive
patients with hepatitis B e-antigen negative chronic hepatitis B. Eur J Gastroenterol
Hepatol. (2019) 31:817–23. doi: 10.1097/MEG.0000000000001336

8. Cianferotti L. Osteomalacia is not a single disease. Int J Mol Sci. (2022) 23:14896.
doi: 10.3390/ijms232314896

9. Bentala H, Verweij WR, Huizinga-Van-der-Vlag A, van-Loenen-Weemaes AM,
Meijer DK, Poelstra K. Removal of phosphate from lipid A as a strategy to detoxify
lipopolysaccharide. Shock. (2002) 18:561–6. doi: 10.1097/00024382-200212000-00013

10. Kats S, Brands R, Seinen W, de Jager W, Bekker MW, Hamad MA, et al. Anti-
inflammatory effects of alkaline phosphatase in coronary artery bypass surgery with
cardiopulmonary bypass. Recent Pat Inflammation Allergy Drug Discovery. (2009)
3:214–20. doi: 10.2174/187221309789257388

11. Poelstra K, BakkerWW, Klok PA, HardonkMJ, Meijer DK. A physiologic function
for alkaline phosphatase: endotoxin detoxification. Lab Invest. (1997) 76:319–27.

12. van Veen SQ, Dinant S, van Vliet AK, van Gulik TM. Alkaline phosphatase
reduces hepatic and pulmonary injury in liver ischaemia – reperfusion combined with
partial resection. Br J Surg. (2006) 93:448–56. doi: 10.1002/bjs.5275

13. Goldberg RF, Austen WG Jr., Zhang X, Munene G, Mostafa G, Biswas S, et al.
Intestinal alkaline phosphatase is a gut mucosal defense factor maintained by enteral
nutrition. Proc Natl Acad Sci U S A. (2008) 105:3551–6. doi: 10.1073/pnas.0712140105

14. Miller SI, Ernst RK, Bader MW. LPS, TLR4 and infectious disease diversity. Nat
Rev Microbiol. (2005) 3:36–46. doi: 10.1038/nrmicro1068

15. Pike AF, Kramer NI, Blaauboer BJ, Seinen W, Brands R. A novel hypothesis for an
alkaline phosphatase 'rescue' mechanism in the hepatic acute phase immune response.
Biochim Biophys Acta. (2013) 1832:2044–56. doi: 10.1016/j.bbadis.2013.07.016

16. Beumer C, Wulferink M, Raaben W, Fiechter D, Brands R, Seinen W. Calf
intestinal alkaline phosphatase, a novel therapeutic drug for lipopolysaccharide (LPS)-
mediated diseases, attenuates LPS toxicity in mice and piglets. J Pharmacol Exp Ther.
(2003) 307:737–44. doi: 10.1124/jpet.103.056606
Frontiers in Immunology 07
17. Heemskerk S, Masereeuw R, Moesker O, Bouw MP, van der Hoeven JG, Peters
WH, et al. Alkaline phosphatase treatment improves renal function in severe sepsis or
septic shock patients. Crit Care Med . (2009) 37:417–23. doi: 10.1097/
CCM.0b013e31819598af

18. Pickkers P, Snellen F, Rogiers P, Bakker J, Jorens P, Meulenbelt J, et al. Clinical
pharmacology of exogenously administered alkaline phosphatase. Eur J Clin
Pharmacol. (2009) 65:393–402. doi: 10.1007/s00228-008-0591-6

19. Kozlenkov A, Manes T, Hoylaerts MF, Millan JL. Function assignment to
conserved residues in mammalian alkaline phosphatases. J Biol Chem. (2002)
277:22992–9. doi: 10.1074/jbc.M202298200

20. Le Du MH, Millan JL. Structural evidence of functional divergence in human
alkaline phosphatases. J Biol Chem. (2002) 277:49808–14. doi: 10.1074/jbc.M207394200

21. Lalles JP. Intestinal alkaline phosphatase: novel functions and protective effects.
Nutr Rev. (2014) 72:82–94. doi: 10.1111/nure.12082

22. Sharma U, Pal D, Prasad R. Alkaline phosphatase: an overview. Indian J Clin
Biochem. (2014) 29:269–78. doi: 10.1007/s12291-013-0408-y

23. Reiswich V, Gorbokon N, Luebke AM, Burandt E, Menz A, Kluth M, et al.
Pattern of placental alkaline phosphatase (PLAP) expression in human tumors: a tissue
microarray study on 12,381 tumors. J Pathol Clin Res. (2021) 7:577–89. doi: 10.1002/
cjp2.v7.6

24. Dabare AA, Nouri AM, Cannell H, Moss T, Nigam AK, Oliver RT. Profile of
placental alkaline phosphatase expression in human Malignancies: effect of tumour cell
activation on alkaline phosphatase expression. Urol Int. (1999) 63:168–74. doi: 10.1159/
000030441

25. Makris K, Mousa C, Cavalier E. Alkaline phosphatases: biochemistry, functions,
and measurement. Calcif Tissue Int. (2023) 112:233–42. doi: 10.1007/s00223-022-
01048-x

26. Jacobsen GK, Norgaard-Pedersen B. Placental alkaline phosphatase in testicular
germ cell tumours and in carcinoma-in-situ of the testis. An immunohistochemical
study. Acta Pathol Microbiol Immunol Scand A. (1984) 92:323–9. doi: 10.1111/j.1699-
0463.1984.tb04411.x

27. Fishman WH. Clinical and biological significance of an isozyme tumor marker–
PLAP. Clin Biochem. (1987) 20:387–92. doi: 10.1016/0009-9120(87)90003-8

28. Cho A, Haruyama N, Kulkarni AB. Generation of transgenic mice. Curr Protoc
Cell Biol. (2009) 42:3.0.1-26.2.13. doi: 10.1002/0471143030.2009.42.issue-1

29. Billingham RE, Brent L, Medawar PB. Actively acquired tolerance of foreign
cells. Nature. (1953) 172:603–6. doi: 10.1038/172603a0

30. Peto R, Pike MC, Armitage P, Breslow NE, Cox DR, Howard SV, et al. Design
and analysis of randomized clinical trials requiring prolonged observation of each
patient. II. analysis and examples. Br J Cancer. (1977) 35:1–39. doi: 10.1038/bjc.1977.1

31. Balabanova L, Bondarev G, Seitkalieva A, Son O, Tekutyeva L. Insights into
alkaline phosphatase anti-inflammatory mechanisms. Biomedicines. (2024) 12:2502.
doi: 10.3390/biomedicines12112502

32. Rader BA. Alkaline phosphatase, an unconventional immune protein. Front
Immunol. (2017) 8:897. doi: 10.3389/fimmu.2017.00897
frontiersin.org

https://doi.org/10.1016/j.gene.2020.144855
https://doi.org/10.3109/10408368209107027
https://doi.org/10.1146/annurev.bb.21.060192.002301
https://doi.org/10.1093/genetics/96.2.353
https://doi.org/10.2174/1573403X14666181031141226
https://doi.org/10.1097/SLA.0b013e31825d5d47
https://doi.org/10.1097/MEG.0000000000001336
https://doi.org/10.3390/ijms232314896
https://doi.org/10.1097/00024382-200212000-00013
https://doi.org/10.2174/187221309789257388
https://doi.org/10.1002/bjs.5275
https://doi.org/10.1073/pnas.0712140105
https://doi.org/10.1038/nrmicro1068
https://doi.org/10.1016/j.bbadis.2013.07.016
https://doi.org/10.1124/jpet.103.056606
https://doi.org/10.1097/CCM.0b013e31819598af
https://doi.org/10.1097/CCM.0b013e31819598af
https://doi.org/10.1007/s00228-008-0591-6
https://doi.org/10.1074/jbc.M202298200
https://doi.org/10.1074/jbc.M207394200
https://doi.org/10.1111/nure.12082
https://doi.org/10.1007/s12291-013-0408-y
https://doi.org/10.1002/cjp2.v7.6
https://doi.org/10.1002/cjp2.v7.6
https://doi.org/10.1159/000030441
https://doi.org/10.1159/000030441
https://doi.org/10.1007/s00223-022-01048-x
https://doi.org/10.1007/s00223-022-01048-x
https://doi.org/10.1111/j.1699-0463.1984.tb04411.x
https://doi.org/10.1111/j.1699-0463.1984.tb04411.x
https://doi.org/10.1016/0009-9120(87)90003-8
https://doi.org/10.1002/0471143030.2009.42.issue-1
https://doi.org/10.1038/172603a0
https://doi.org/10.1038/bjc.1977.1
https://doi.org/10.3390/biomedicines12112502
https://doi.org/10.3389/fimmu.2017.00897
https://doi.org/10.3389/fimmu.2025.1499388
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Evaluation of the immunological functions of placental alkaline phosphatase in vivo using ALPP transgenic mice
	Introduction
	Materials and methods
	Generation of ALPP transgenic mice
	Animal model of LPS-induced septic shock
	Skin grafting experiments on mice
	In vitrophagocytosis assay

	Results
	ALPP transgenic mice are more susceptible to LPS-induced sepsis
	ALPP compromises the in vitro phagocytotic ability of monocytes
	Female ALPP transgenic mice showed increased resistance to male skin graft rejection

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


