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Abstract
Porokeratosis (PK) is considered a skin-speci�c autoin�ammatory keratinization disease. Intriguingly, four causative genes of PK are in turn arranged in
mevalonate pathway, with MVD variants being the commonest followed by MVK variants in a cohort of Chinese patients. Based on our previous �ndings, PK
patients with MVK or MVD variants show different phenotypes. Using targeted exome sequencing and exonic CNV screening, we identi�ed 14 mutations in the
26 PK patients, including six novel mutations (MVK: c.118_226 + 1337dup, c.388_392delGATATinsC, c.613A > T, c.768G > C, and MVD: c.250C > T, c.988T > G).
Peripheral T-cell subsets were analyzed by �ow cytometry in PBMCs from 22 PK patients with MVK or MVD variants and 27 normal controls (NCs). In contrast
to NCs, signi�cantly decreased frequencies of CD8+ and Vγ9Vδ2 T cells were observed in the PK patients with MVD variants. Moreover, it was found that
dysregulated secretion of pro-in�ammatory cytokines by T-cell in both PK patients with MVK and MVD variants. Collectively, our �ndings enriched the Human
Gene Mutation Databases and provided the cues to further studies on autoreactive CD8 + T and γδT cells in the pathogenesis of PK.

Introduction
As a skin-speci�c autoin�ammatory keratinization diseases(AIKDs), porokeratosis (PK, MIM 175800) is inherited in an autosomal dominant pattern, whose
genetic causative factors are associated with the hyperactivation of innate immunity, mainly in the epidermis and upper dermis [1–3]. It is known that the four
causative genes of PK are in turn arranged in mevalonate pathway, i.e. mevalonate kinase (MVK), phosphomevalonate kinase (PMVK), mevalonate
(diphospho) decarboxylase (MVD), and farnesyl diphosphate synthase (FDPS) [4,5]. Among them, MVD variants are the commonest cause followed by MVK
variants in a cohort of Chinese patients [5–7]. Notably, the patients with MVK variants generally showed the widest range of phenotypes in terms of both the
number and the size of lesions. Giant plaque-type PK ptychotropica (PPt) appears to be a unique phenotype associated with MVK variants. The lesions of
MVD variants tend to be more homogeneous and super�cial than those carrying MVK variants. The possible reason is that MVK and MVD de�ciencies result
in different metabolites of the mevalonate pathway. Generally, it is accepted that mevalonate metabolites regulate T-cell at multiple levels [8, 9]. Based on the
previous �ndings, we hypothesized that T-cell bearing heterozygous mutations in mevalonate pathway might be altered and involved in the autoin�ammation
of PK. In this study, we preliminarily analyzed the distribution and cytokine production of peripheral T-cell subsets in PK patients with MVK or MVD genotype.

Materials And Methods

Clinical Samples
All procedures followed the guidelines of the Helsinki Declaration and were approved by the Scienti�c Ethical Committee of Fudan
University. Study participants provided informed consent for genetic testing and �ow cytometry. From 2018 to 2019, peripheral blood samples were collected
from 26 patients with PK (13 males and 13 females; mean age 53 ± 3 years). Among them, there were 3 patients form one family. In addition, blood samples
were collected from 27 healthy adult individuals (9 males and 18 females; mean age 42 ± 2 years). The 26 patients were diagnosed by at least two
experienced dermatologists, based on both clinical features and histological examinations. In view of the family history, these  patients were divided into 15
familial and 9 sporadic cases. 

Targeted exome sequencing and exonic CNV screening 
Total DNA was extracted from the peripheral blood using a QIAamp DNA Blood Mini Kit (Qiagen, Germany). Targeted exome sequencing and CNVplex assays
were performed as previously described [5]. The sequenced reads were collected, �ltered for quality, and aligned to the human genome reference assembly
(UCSC Genome Browser hg19; https://genome.ucsc.edu/index.html) with the Burrows-Wheeler Aligner. Variants with minor allele frequency of >0.05 in any of
the variant databases were excluded. SIFT, PolyPhen-2, and MutationTaster were used to assess the conservation of the missense mutations. Non-
synonymous SNVs with SIFT scores < 0.05, Polyphen-2 scores > 0.85, or MutationTaster scores > 0.85 were considered as signi�cant of not being benign. 

Flow cytometry and Statistical analysis
Peripheral blood mononuclear cells (PBMCs) were isolated from heparinized blood using Ficoll-Hypaque (Lymphoprep; Stemcell Technologies) by density
gradient centrifugation and stored frozen in liquid nitrogen until use. To evaluate cytokine production ex vivo, PBMCs were rested overnight and then
stimulated for 5 hours phorbol 12-myristate 13-acetate (PMA; 50 ng/ml; Sigma) and ionomycin (2 μg/ml; Enzo Life Sciences). Brefeldin A (10 μg/ml;
BioLegend) was present during the �nal 2 hours. PBMCs were �rst stained for 15 minutes with Live/Dead Blue (Invitrogen) to exclude dead cells and then
stained for 30 minutes with APC-Cy7-conjugated anti-human CD3 (clone SK7; BD Biosciences), BV786-conjugated anti-human CD8 (clone RPA-T8; BD
Biosciences), FITC-conjugated anti-human Vδ1 (clone REA173; Miltenyi Biotec), PE-Cy7-conjugated anti-human Vδ2 (clone B6; BioLegend), and APC-
conjugated anti-human Vγ9 (clone B3; BioLegend). The cells were then washed, �xed, and permeabilized for 40 minutes using a BD Cyto�x/Cytoperm Kit (BD
Biosciences). Finally, the cells were intracellularly stained for 40 minutes with BV421-conjugated anti-human TNF-α (clone MAb11; BD Biosciences) and PE-
conjugated anti-human IFN-γ (clone 4S.B3; BD Biosciences). Data were acquired on a BD LSRFortessa™ X-20 �ow cytometer (BD Biosciences) and analyzed
with FlowJo software (Tree Star Inc.) Data analyses and graph preparation were performed using GraphPad Prism v.8 (GraphPad Software, San Diego, CA,
U.S.A.). The data were expressed as mean ± standard error of the mean (SEM). Statistical analysis was performed using one-way analysis of variance
(ANOVA) with p-values < 0.05 being considered statistically signi�cant.

Results
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Identi�cation of six novel mutations in MVK and MVD genes
Table 1 provided a detailed description and characterization of 14 variants identi�ed in this study. One novel tandem duplication (c.118_226 + 1337dup) in
MVK was found in Fig. 1 by CNVplex assay. Besides, Fig. 2 presented three novel variants in MVK (c.388_392delGATATinsC, c.613A > T, c.768G > C) and two
novel variants in MVD (c.250C > T, c.988T > G). The commonest MVD mutation (c.746T > C) was identi�ed in seven of the unrelated patients, accounting for
26.9% of 26 PK patients. No mutation was found in 3 sporadic PK patients. Among them, 12 patients with MVD variants were selected to compare with 10
patients with MVK variants.

 
Table 1

Characterization of 14 variants identi�ed in 21 of the 24 PK index patients.
No. Gene Mutation Exon Predicted protein

alternation
Mutation

type

SIFT
Score

POLY

-PHEN
Score

MutationTaster
Score

ExAc_

EAS

GenomeAD_

Exomes_EAS

1 MVK c.118_226 + 1337dup 2,3 p.? Tandem

Duplication

         

2 MVK c.388_392delGATATinsC 5 p.Asp130Profs*2 Frameshift

Substitution

         

3 MVK c.451G > A 5 p.Val151Met Missense 0.01 0.938 0.999995    

4 MVK c.613A > T   p.Asn205Tyr Missense 0 1 1    

5 MVK c.710C > A 8 p.Thr237Asn Missense 0 0.992 0.999254    

6 MVK c.768G > C 8 p.Lys256Asn Missense 0.005 0.86 1    

7 MVK c.1039 + 2T > C 10 p.? Splice_Site     1    

8 MVK c.1126G > A 11 p.Gly376Ser Missense 0 0.996 0.999999    

9 PMVK c.412C > T 4 p.Arg138* Nonsense 1 0.735406 1    

10 MVD c.250C > T 3 p.Arg84Trp Missense 0.008 0.97 0.987 0.0002 0.0002

11 MVD c.383C > T 4 p.Ala128Val Missense 0 0.998 0.999994 0.0002 0.0001

12 MVD c.746T > C 7 p.Phe249Ser Missense 0 1 0.999989 0.0005 0.0002

13 MVD c.988T > G 8 p.Phe330Val Missense 0.001 0.009 1    

14 MVD c.1111_1113del 9 p.Ile371del In-Frame
Deletion

      0.0002 0.0001

Notes:

1. As for the familial cases, the number of affected and unaffected members were listed in parentheses. SIFT, PolyPhen-2, and MutationTaster were used to a
missense mutations.

2. ExAC_EAS:Exome Aggregation Consortium_East Asian allele frequency; GnomeAD_Exomes_EAS : The Genome Aggregation Database_Exomes_ East Asian

Decreased frequencies of CD8  +  and Vγ9Vδ2 T-cell in the PK patients with MVD variants
As indicated in Fig. 3, the PK patients with MVD variants exhibited a signi�cant decrease in the frequencies of peripheral CD8+ and Vγ9Vδ2 T-cell in the CD3+ T-
cell subsets compared with that of the NCs (p = 0.0009 and p = 0.0216, respectively). Therefore, the PK patients with MVD variants had a correspondingly
higher CD4/CD8 ratio compared to that of the NCs (p = 0.0006). In addition, we found that the percentages of total Vδ1+, Vδ1+Vγ9+, and Vδ1+Vγ9− T cells in
the CD3+ T-cell subsets remained unchanged in the PK patients with either MVK or MVD variants compared with that of the NCs (Additional �le 1: Figure S1).

Dysregulated secretion of pro-in�ammatory cytokines by T-cell in the PK patients with
MVK or MVD variants
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As indicated in Fig. 4, IFN-γ production by CD8+ T-cell was increased in PK patients with MVK variants compared with that of the NCs and PK patients with
MVD variants (p = 0.0275 and p = 0.0301, respectively). Moreover, TNF-α production by Vγ9Vδ2 T-cell was signi�cantly increased in the PK patients with MVD
variants compared with that of the NCs and the PK patients with MVK variants (p = 0.0085 and p = 0.0432, respectively).

Discussion
In this study, 22 PK patients with MVK or MVD variants were identi�ed by targeted exome sequencing and exonic CNV screening. The distribution and cytokine
production of peripheral T cells subsets were preliminary analyzed in those patients. It is well known that peripheral αβ T cells are primarily comprised of CD4+

T cells and CD8+T cells. Instead of directly staining CD4, we counted all CD3+Vδ1−Vδ2−CD8− cells as CD4+T cells. Besides the frequency of T cells subsets, we
assessed the pro-in�ammatory cytokines production by CD4+ T cells, CD8+ T cells, and Vγ9Vδ2 T cells in the peripheral blood. It was considered that the
increases in percentages of peripheral CD4+ T cells were a secondary change, since the cytokines production by CD4+ T cells were unchanged in the PK
patients with either MVK or MVD variants.

Different from the patients with MVK variants, we observed that there were signi�cant decreases in percentages of both CD8+ and Vγ9Vδ2 T cells in the CD3+

T cells subsets in those with MVD variants. A possible explanation was that CD8+ and Vγ9Vδ2 T cells might home to the skin in the PK patients with MVD
variants. An imbalance in the number and/or function of resident αβ and γδ T cells in the skin has been associated with chronic in�ammation and skin-related
diseases [10]. A reduction in the number of peripheral γδT cells, along with the elevated numbers in the skin, has been reported in patients with psoriasis [11].
As for non-conventional lymphocytes, human γδ T-cell acts as the �rst line of defense and bridge the innate and adaptive immune systems, representing < 5%
of peripheral T-cell in the adult human peripheral blood. It is well established that multiple phosphorylated mevalonate metabolites are potent agonists of
Vγ9Vδ2T cells [8]. As the major peripheral γδ subsets, Vγ9Vδ2T cells are dually regulated by intracellular and extracellular mevalonate metabolism. Moreover,
the peripheral Vγ9Vδ2 T cells from PK patients with MVD variants showed a higher proportion expressed TNF-α compared with NCs. In a different way, the
dysregulated secretion of IFN-γ by CD8 + T cells were observed in the PK patients with MVK variants. It is noteworthy that the IFN-γ signaling for CD8+ T cells
differentiation are delivered early in the immune response. The autocrine IFN-γ signaling plays an important role in Th1 differentiation and CD8+ T cells cross-
priming [10, 12, 13]. It suggested that autoreactive CD8+ and γδ T cells might play a critical role in the skin-speci�c autoin�ammatory PK. However, it was not
known to what extent, if any, the pro-in�ammatory effects of these T cells might affect the pathogenesis of PK.

Danger signals from exogenous pathogens and endogenous keratinocyte death might trigger skin in�ammation [14, 15]. Under certain circumstances, genetic
defects in mevalonate pathway might block DNA degradation during epidermal corni�cation and develop a vertical “column” of parakeratosis, histologically
de�ned as a cornoid lamella (CL). In the context of a heterogeneous group of disease, CL uni�es all phenotypes of PK. It is remarkable that non-speci�c
papillary dermal lymphocytic in�ltration are frequently seen under the CL [16,17]. The local immune cell in�ltration and chronic activation are involved in the
pathomechanisms of PK [18]. The limitations of this study include a small sample size and the lack of comparison of CD8+T and γδT cells in the lesions of
PK with MVK or MVD variants. Further investigation is under way to explore T cells in the lesions of PK.

Taken together, our �ndings showed alterations in peripheral T-cell subsets in PK patients and provided the cues to further studies on autoreactive CD8 + T and
γδT cells in the pathogenesis of autoin�ammatory keratinization.
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Figure 1

Schematic of a mutation c.118_226+1337dup in MVK by CNVplex assay.
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Figure 2

Sanger sequencing chromatograms of NCs and PK patients at 5 novel mutation sites in MVK and MVD.

Figure 3

Gating strategy for �ow cytometry (A), representative �ow cytometry analyses (B) and scatterplot graphs (C) showed the frequencies of CD4+, CD8+ and
Vγ9Vδ2 T cells in the CD3+ T-cell subsets and the ratio of CD4+T-cell/CD8+T-cell. Notes: MVK: the PK patients with MVK variants (n = 10); MVD: PK patients
with MVD variants (n = 12); NCs: normal controls (n = 27).
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Figure 4

Representative �ow cytometry analyses (A) and scatterplot graphs (B) of TNF-α and IFN-γ production in CD4+, CD8+, and Vγ9Vδ2 T cells in the PK patients
with MVK and MVD variants. Notes: MVK: the PK patients with MVK variants (n = 10); MVD: PK patients with MVD variants (n = 12); NCs: normal controls (n =
27).
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