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Abstract
Chuvash polycythemia results from a homozygous 598C>T mutation in exon 3 of the von Hippel-
Lindau (VHL) gene. This disrupts the normoxia pathway for degrading hypoxia inducible factor
(HIF)-1α and HIF-2α causing altered expression of HIF-1 and HIF-2 inducible genes. As hypoxia
induces expression of proinflammatory cytokines, we hypothesized that there might be an
elevation of Th1 cytokines in the setting of Chuvash polycythemia. We analyzed plasma
concentrations of Th1 (interleukins-2 and 12, interferon-γ, granulocyte-monocyte colony-
stimulating factor, tumor necrosis factor-α) and Th2 cytokines (interleukins-4, 5, 10, and 13) using
the Bio-Plex multiplex suspension array system in 34 VHL598C>T homozygotes and 32 VHL
wild-type participants from Chuvashia. Concentrations of all the Th1 and Th2 cytokines measured
were elevated in the VHL598C>T homozygotes compared with the control wild-type participants,
but the ratios of Th1 to Th2 cytokines did not differ by genotype. In parallel, peripheral blood
concentrations of CD4 positive T-helper cells and CD4/CD8 ratio were lower in the VHL598C>T
homozygotes. In conclusion, the up-regulated hypoxic response in Chuvash polycythemia is
associated with increased plasma products of both the Th1 and Th2 pathways, but the balance
between the two pathways seems to be preserved.

Introduction
Chuvash polycythemia, a disorder endemic to the Chuvash Republic of the Russian
Federation, results from a homozygous mutation of the von Hippel-Lindau gene
(VHL598C>T) [1,2]. This mutation disrupts the interaction of VHL protein with hypoxia
inducible factor (HIF)-1α and HIF-2α proteins resulting in the accumulation of these
proteins and altered expression of HIF-1 and HIF-2-regulated genes [1–3]. For example,
plasma concentrations of the products of such HIF-regulated genes as endothelin-1,
erythropoietin, plasminogen activator inhibitor-1, transferrin, transferrin receptor, and
vascular endothelial growth factor are elevated in patients with Chuvash polycythemia [4,5].
Clinical manifestations of Chuvash polycythemia include increased cardiac valvular
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abnormalities, hemangiomas, pulmonary arterial hypertension, thrombotic and hemorrhagic
events, varicose veins, and shortened lifespan [2,3,6].

Helper T cells were originally subdivided into two subsets, Th1 and Th2, which were
distinguished on the basis of the secreted cytokines [7]. The subset balance between Th1 and
Th2 cytokines is a critical outcome of the immune response [8]. Th1 cells are involved in
promoting cellular immunity by secreting proinflammatory cytokines including
interleukins-2 and 12 and granulocyte-monocyte colony-stimulating factor (GM-CSF), a
stimulator of hematopoiesis, and inducing macrophages to produce cytokines such as
interferon-γ and tumor necrosis factor-α [8–11]. Th2 cells produce anti-inflammatory
cytokines including interleukins-4, 5, 10, and 13 [8,10]. Th2 cells target B cells to induce the
production of antibodies [8,11–13], although in Th2 deficient mice antibody production can
be facilitated by the TFH subset in a non-Th1/Th2-related manner [14]. Th1 and Th2
cytokines also influence vascular endothelial cell functions, including cell growth,
differentiation, proliferation, apoptosis, and migration [15].

A number of reports indicate that hypoxia influences the expression of Th-1 and Th-2
cytokines. Hypoxia leads to increased LPS-stimulated expression by murine macrophages of
interferon-γ [16] and of tumor necrosis factor-α via expression of HIF-1α [17]. Hypoxia was
also reported to increase production by human peripheral blood mononuclear cells (PBMC)
of interleukins 2 and 4 and interferon-γ, but not interleukin-10 [18]. However, interleukin-10
expression was up-regulated in hepatocytes exposed to hypoxia [19]. Expression of
interferon-γ was reduced in subjects exposed to hypoxia whereas interleukin-4 remained
unchanged [20]. Plasma interleukin 10 concentrations were increased in humans exposed to
intermittent hypoxia [21]. Cerebral hypoxia-ischemia led to increased plasma concentrations
of GM-CSF in an animal model [22]. Exposure of volunteers to high altitude led to an
impairment of the homeostatic regulation of Th1/Th2 immune balance with a significant
decrease of CD3+ and CD4+ T-cell T lymphocytes and increase in natural killer cells [20].

Given these previous studies suggesting that hypoxia influences the levels of Th1 and Th2
cytokines as well as CD3 and CD4 cells, we hypothesized that the profiles of Th1 and Th2
cytokines and lymphocyte subsets may be altered in Chuvash polycythemia. The purpose of
this investigation was to assess plasma levels of Th1 and Th2 1cytokines and lymphocyte
subsets in Chuvash polycythemia patients in comparison with normal control subjects.

Results
Of 35 patients with the diagnosis of Chuvash polycythemia studied, 34 were VHL598C>T
homozygotes. One person with the diagnosis of Chuvash polycythemia had normal genotype
and was assigned to the group of VHL normal alleles. Of the original controls, 31 had
normal VHL alleles and four were VHL598C>T heterozygotes. The characteristics of the
participants according to VHL genotype are summarized in Table I. There were no
significant differences in age or sex between wild-type participants and Chuvash
polycythemia homozygotes. Median hemoglobin and hematocrit values for heterozygote
subjects fell between the normal allele group values and the homozygote values.

Table II displays the plasma cytokine levels among individuals with normal VHL alleles,
VHL598C>T heterozygotes, and VHL598C>T homozygotes. Concentrations of each of the
Th1 cytokines and Th2 cytokines measured were higher in the VHL598C>T homozygotes
compared with the VHL normal alleles group. These results are graphically shown in Fig. 1.
The elevations of cytokines in the VHL598C>T homozygotes paralleled the elevations of
circulating concentrations of erythropoietin and vascular endothelial growth factor in the
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same patients. In contrast, the ratios of Th1 to Th2 cytokines did not differ significantly by
genotype.

CD4 lymphocyte counts (P = 0.012) and CD4/CD8 ratios (P = 0.015) were lower in the
VHL598C>T homozygotes compared with participants with normal VHL alleles. Serum β
globulin concentrations were marginally higher in VHL598C>T homozygotes (P = 0.06)
(Table III).

Discussion
In this study, we found that both Th1 and Th2 cytokine concentrations were elevated in
plasma of patients with Chuvash polycythemia and that CD4 counts in the blood were
reduced.

HIF is an essential transcription factor with roles in glucose metabolism, erythropoiesis, and
angiogenesis [23,24]. HIF is a heterodimer consisting of α subunits, which are inducible,
and β subunits, which are constitutively expressed [25,26]. Under physiological oxygen
tension, HIF-α is rapidly degraded via targeting by VHL protein to the ubiquitinprotesome
pathway. With hypoxia, VHL protein fails to recognize the HIF-α subunit, resulting in HIF
stabilization and accumulation. HIF translocates to the nucleus and influences the
transcription of hypoxia-responsive genes [25–27]. Studies have shown that losing VHL
function results in constitutive expression of HIF-1α under nonhypoxic conditions [28]. A
limitation to this study is that we did not measure relative expressions of HIF-1α and
HIF-2β.

Our present findings of increased Th1 and Th2 cytokines associated with VHL598C>T
homozygosity are consistent with reports that hypoxia leads to increased expression of
interleukin-2 [18], interferon-γ [16,18], tumor necrosis factor-α [17], interleukin-4 [18], and
interleukin-10 [19,21]. They are in contrast to reports that reduced HIF-1α expression leads
to increased production of inflammatory cytokines by T cells [29] and that interferon-γ was
reduced in subjects exposed to hypoxia [20].

Lower CD4 counts in patients with Chuvash polycythemia parallel reports of lower CD4
numbers in humans exposed to high altitude [20] and of increased apoptosis of murine
thymocytes and T cells mediated by up regulation of HIF [30,31]. Progression of HIV
disease has been associated with increasing plasma interleukin-10 concentration and
decreasing CD4 counts [32]. The higher β globulin fraction in patients with Chuvash
polycythemia may likely be explained by the fact that transferrin is a prominent protein in
this fraction, and the gene for transferrin is up-regulated by HIF-1.

Skewing of the Th1/Th2 cytokine balance can reduce the immune response expected from
either of the cytokine subsets [13]. This imbalance has been associated with the
pathogenesis of certain immune-mediated diseases such as rheumatoid arthritis and
pulmonary sarcoidosis [8,33]. Although plasma levels of both Th1 cytokines and Th2
cytokines were elevated in VHL598C>T homozygotes compared with participants with
normal VHL alleles, these elevations were modest and the ratios of interferon-γ or tumor
necrosis factor-α to interleukin-10 or interleukin-4 did not differ by genotype.

In conclusion, this analysis demonstrates that there are increases in the cytokine profiles
from Th1 and Th2 cells and reduced CD4 counts in patients with Chuvash polycythemia.
Improving our knowledge of prototype T-helper cells subset cytokines may help our overall
understanding of the pathophyisologic changes associated with this condition. Further
investigation of these pathways in Chuvash polycythemia may open insights into the
relationship of the hypoxic response to immunity in general.
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Materials and Methods
Participants

The Institutional Review Board of Howard University approved the research and all
participants provided written informed consent. Of 70 participants, 35 had the diagnosis of
Chuvash polycythemia. Thirty-four (22 females, 12 males) of median age 23 years (range 5–
62) were homozygous for VHL598C>T. However, one male was wild type, and we counted
him in the control group. The control group included 31 Chuvash natives (17 females, 15
males) of median age 32 years (range 5–61) without the diagnosis of Chuvash polycythemia
and negative for VHL598C>T. In addition, there were four heterozygous individuals without
Chuvash polycythemia whose cytokine profile results are shown but not included in the
statistical analysis. The participants were studied in the community under basal
circumstances. All participants were from the Chuvash Republic of the Russian Federation.
Clinical and demographic characteristics of the patients and controls are shown in Table I.

VHL 598C>T mutation genotyping
Genomic DNA was extracted from peripheral blood collected in EDTA; PCR amplification
of VHL exon 3 was performed using the forward primer CCTTGTACTGAGACCCTAG
and reverse primer GCTGA GATGAAACAGTGTA. PCR reactions were carried out in 25
µl volumes containing 1.5 mM MgCl2, 200 µM dNTP, 20 nM primers, and 0.5U/reaction
Taq DNA polymerase (Roche Applied Science, Indianapolis, IN). PCR (10 µl) product was
digested overnight at 37°C with 5U of Fnu4H1 (New England BioLabs, Ipswich, MA) and
then separated by electrophoresis on 2.5% agarose gel. The 598 C>T mutation in the VHL
gene results in the elimination of the Fnu4H1 restriction site and appearance of uncut 266 bp
while wild type VHL allele is cleaved into 188 bp and 78 bp bands.

Multi-plex analysis of cytokines
Peripheral blood samples were collected into EDTA-containing tubes. Plasma was collected
by centrifugation at 1000g for 15 min at RT and aliquots were stored at −80°C until
analysis. A human Th1/Th2 multiplex cytokine kit (Bio-Rad catalog #171-A11081 which
includes: interleukins-2, 4, 5, 10, 12, and 13, interferon-γ, GM-CSF, and tumor necrosis
factor-α) was obtained and the assay performed by using the Bio-plex suspension array
system with the manufacturer’s instructions (Bio-Rad, Hercules, CA). The system allows
simultaneous identification of cytokines in a 96-well filter plate. All samples were assayed
in duplicate. In brief, the appropriate cytokine standards and samples diluted in plasma
diluents were added to a 96-well filter plate. The samples were incubated at room
temperature for 30 min with antibodies chemically attached to fluorescent-labeled micro
beads. After three filter washes, premixed detection antibodies were added to each well and
incubated for 30 min. Following three washes, premixed streptavidin-phycoerythrin was
added to each well and incubated for 10 min followed by three more washes. Then beads
were resuspended with 125 µl of assay buffer, and the cytokines reaction mixture was
quantified using the Bio-Plex protein array reader. Data were automatically processed and
analyzed by Bio-Plex Manager Software 4.1 using the standard curve produced from
recombinant cytokine standard. The minimum levels of detection were 0.12 pg/ml for
interleukin-2, 0.03 pg/ml for interleukin-4, 0.21 pg/ml for interleukin-5, 0.16 pg/ml for
interleukin-10, 0.25 pg/ml for interleukin-12, 0.08 pg/ml for interleukin-13, 0.07 pg/ml for
GM-CSF, 0.13 pg/ml for interferon-γ, and 0.5 pg/ml for tumor necrosis factor-α.

Analysis of vascular markers
Enzyme-linked immunosorbent assay was used to assay circulating levels of erythropoietin
(Immulite instrument, Diagnostic Products, Randolph, NJ or R&D Systems Inc.,
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Minneapolis, MN, USA) and of vascular endothelial growth factor (Assay Designs, Ann
Arbor, MI or R&D Systems Inc., Minneapolis, MN, USA).

Lymphocyte subsets
Peripheral blood mononuclear cells were isolated from peripheral blood collected into
EDTA-containing tubes by centrifugation on Ficoll. About l × 106 PBMCs were incubated
in 50 µl with fluorescein isothiocyanate-labeled monoclonal antibodies against CD3, CD4,
CD8, CD16, CD19, or CD95 for 45 min at 4°C according to the manufacturers instructions
(Sorbent, Moscow, Russia). Then cells were washed twice with Hanks balanced salt
solution, resuspended in the same solution and analyzed by FACS (Becton-Dickinson,
Franklin Lakes, NH).

Statistical analysis
The Kruskal-Wallis test used to compare results according to VHL genotype. P-values are
two-sided. Data were analyzed by STATA 10.0 (College Station, TX).
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Figure 1.
Density display of plasma cytokine concentrations for 66 participants according VHL
genotype. For each cytokine, there is a higher plasma concentration in the VHL598C>T
homozygotes. Black lines show the median concentration in each group.
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TABLE I

Demographic and Clinical Characteristics of Participants According to VHL598C>T Status

Characteristics
VHL wild type

(n = 32)
VHL598C>T

heterozygote (n = 4)
VHL598C>T

homozygote (n = 34)
P (homozygote vs.
wild type)

Male (%)a 15 (47%) 2 (50%) 12 (35%) 0.8

Age (years) 44 (15–50) 8 (6–13) 18 (13–51) 0.6

BMI (kg/m2) 20.6 (18.4–24.2) 14.7 (13.8–19.0) 19.6 (16.8–22.9) 0.3

History of smokinga 6 (19%) 0 (0%) 5 (15%) 0.7

History of alcohol consumptiona 2 (7%)b 0 (0%) 2 (7%)c 0.9

Systolic blood pressure (mmHg) 110 (102–120) 99 (93–112) 105 (95–116) 0.032

Diastolic blood pressure (mmHg) 72 (64–80) 65 (58–75) 69 (60–80) 0.3

Hemoglobin (g/dL) 13.7 (12.4–14.5) 14.4 (14.0–15.3) 18.6 (16.7–20.2) 0.0001

Hematocrit (%) 39.4 (36.2–43.1) 43.0 (40.7–44.2) 55.7 (51.8–59.2) 0.0001

MCV (ft) 90.1 (85.7–95.5) 85.5 (82.5–87.7) 87.6 (79.4–91.2) 0.051

White blood cell (103/mm3) 5.8 (5.2–6.7) 5.5 (5.0–8.1) 5.0 (4.3–5.8) 0.009

Platelets (103/mm3) 305 (247–355) 403 (369–444) 242 (178–322) 0.029

Lymphocyte% 37.3 (35.8–46.2) 49.3 (46.9–66.1) 44.0 (39.7–49.9) 0.2

Lymphocyte counts (103/mm3) 2.4 (1.9–2.8) 2.7 (2.4–5.5) 2.1 (1.8–2.6) 0.1

Results in median and interquartile range, unless otherwise specified.

a
Number (%).

b
N = 27.

c
N = 29.
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TABLE II

Plasma Cytokine Concentrations According to VHL Genotype

VHL wild type
(N = 32)

VHL598C>T
heterozygote (N = 4)

VHL598C>T
homozygote (N = 34)

P (homozygote vs.
wild type)

Th1 cytokines

  Interleukin-12 (pg/ml) 0.9 (0.2–2.5) 1.6 (0.9–2.2) 3.0 (0.7–7.1) 0.014

  Interleukin-2 (pg/ml) 0.1 (0.1–15.6) 0.1 (0.1–31.5) 7.5 (0.1–40.5) 0.012

  Interferon-γ (pg/ml) 15.7 (1.8–44.1) 23.2 (7.5–55.3) 57.1 (5.7–100.4) 0.014

  Tumor necrosis factor-α (pg/ml) 2.1 (1.3–5.6) 3.3 (1.3–6.1) 5.4 (1.9–20.6) 0.035

  GM-CSF (pg/ml) 2.7 (0.02–12.4) 4.9 (1.3–11.0) 15.9 (4.7–44.2) 0.018

Th2 cytokines

  Interleukin-4 (pg/ml) 0.5 (0.01–1.5) 0.6 (0.1–1.5) 1.5 (0.4–3.2) 0.009

  Interleukin-5 (pg/ml) 0.5 (0.02–1.3) 0.3 (0.02–0.8) 1.2 (0.2–3.0) 0.036

  Interleukin-10 (pg/ml) 0.7 (0.1–2.3) 0.5 (0.05–1.3) 2.2 (0.5–5.8) 0.014

  Interleukin-13 (pg/ml) 1.9 (0.2–4.2) 1.7 (0.5–4.4) 4.4 (1.2–12.8) 0.027

Ratios

  Interferon-γ to interleukin-10 19 (5–47) 90 (43–184) 18 (6–57) 0.8

  Tumor necrosis factor-α to interleukin-10 4 (2–17) 15 (5–29) 4 (3–7) 0.4

  Interferon-γ to interleukin-4 27 (18–42) 54 (36–437) 30 (19–39) 0.9

  Tumor necrosis factor-α to interleukin-4 7 (4–91) 6 (4–101) 6 (3–14) 0.3

Vascular markers

  Erythropoietin (pg/ml) 7.6 (3.5–10.5)a – 31.2 (18.2–39.1)b 0.0006

  VEGF (pg/ml) 50 (19–73)a – 86 (73–152)b 0.012

Results in median and interquartile range.

a
N = 8.

b
N = 17.
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TABLE III

Other Immunologic Tests in Patients and Controls

VHL598C>T
homozygotes

(N = 30)

VHL normal
alleles (N = 30)

P*

Serum globulins (g/L)

  α1 globulin 2.6 (2.3–2.8) 2.6 (2.4–2.8) 0.9

  α2 globulin 7.4 (7.0–8.1) 7.2 (6.3–8.1) 0.4

  β globulin 10.3 (9.5–11.4) 9.6 (9.2–10.8) 0.06

  γ globulin 15.9 (13.5–16.7) 15.6 (13.5–17.6) 0.8

Lymphocyte subsets (103/mm3)

  CD3 1.3 (1.2–1.5) 1.5 (1.2–1.7) 0.09

  CD4 0.7 (0.5–0.8) 0.8 (0.7–1.1) 0.012

  CD8 0.6 (0.6–0.7) 0.6 (0.5–0.8) 0.7

  CD4/CD8 ratio 1.1 (0.9–1.3) 1.4 (1.1–1.6) 0.015

  CD19 (B-lymphocyte marker) 0.3 (0.2–0.4) 0.3 (0.2–0.5) 0.6

  CD16 (NK cell marker) 0.4 (0.3–0.6) 0.4 (0.2–0.5) 0.2

  CD95 (apoptosis marker) 0.07 (0.04–0.13) 0.06 (0.04–0.09) 0.2

Other tests

  Circulating immune complexes 26 (18–50) 41 (26–65) 0.2

  IgG (g/L) 14.3 (11.8–18.6) 16.6 (12.7–22.1) 0.2

  IgA (g/L) 2.3 (1.8–2.9) 1.9 (1.7–2.4) 0.1

  IgM (g/L) 1.8 (1.4–2.2) 1.7 (1.2–2.1) 0.3

Results in median and interquartile range
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