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Objective: Previous laboratory reports implicate heat shock protein (HSP)especific T-cell responses in
glaucoma pathogenesis; here, we aimed to provide direct clinical evidence by correlating systemic HSP-specific
T-cell levels with glaucoma severity in patients with primary open-angle glaucoma (POAG).

Design: Cross-sectional case-control study.
Subjects: Thirty-two adult patients with POAG and 38 controls underwent blood draw and optic nerve

imaging.
Methods: Peripheral blood monocytes (PBMC) were stimulated in culture with HSP27, a-crystallin, a

member of the small HSP family, or HSP60. Both interferon-g (IFN-g)þ CD4þ T helper type 1 cells (Th1) and
transforming growth factor-b1 (TGF-b1)þ CD4þ regulatory T cells (Treg) were quantified by flow cytometry and
presented as a percentage of total PBMC counts. Relevant cytokines were measured using enzyme-linked
immunosorbent assays. Retinal nerve fiber layer thickness (RNFLT) was measured with OCT. Pearson’s corre-
lation (r) was used to assess correlations.

Main Outcome Measures: Correlations of HSP-specific T-cell counts, and serum levels of corresponding
cytokine levels with RNFLT.

Results: Patients with POAG (visual field mean deviation, e4.7 � 4.0 dB) and controls were similar in age,
gender, and body mass index. Moreover, 46.9% of POAG and 60.0% of control subjects had prior cataract
surgery (P ¼ 0.48). Although no significant difference in total nonstimulated CD4þ Th1 or Treg cells was detected,
patients with POAG exhibited significantly higher frequencies of Th1 cells specific for HSP27, a-crystallin, or
HSP60 than controls (7.3 � 7.9% vs. 2.6 � 2.0%, P ¼ 0.004; 5.8 � 2.7% vs. 1.8 � 1.3%, P < 0.001; 13.2 � 13.3
vs. 4.3 � 5.2, P ¼ 0.01; respectively), but similar Treg specific for the same HSPs compared with controls (P �
0.10 for all). Concordantly, the serum levels of IFN-g were higher in POAG than in controls (36.2 � 12.1 pg/ml vs.
10.0 � 4.3 pg/ml; P < 0.001), but TGF-b1 levels did not differ. Average RNFLT of both eyes negatively correlated
with HSP27e and a-crystallin-specific Th1 cell counts, and IFN-g levels in all subjects after adjusting for age
(partial correlation coefficient r ¼ e0.31, P ¼ 0.03; r ¼ e0.52, P ¼ 0.002; r ¼ e0.72, P < 0.001, respectively).

Conclusions: Higher levels of HSP-specific Th1 cells are associated with thinner RNFLT in patients with
POAG and control subjects. The significant inverse relationship between systemic HSP-specific Th1 cell count
and RNFLT supports the role of these T cells in glaucomatous neurodegeneration.
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Systemic immune response contributes to glaucomatous trigger immune responses when they are expressed on the

neurodegeneration.1e3 Reports suggest that patients with
glaucoma have elevated levels of serum autoantibodies
against retinal self-antigens, such as heat shock protein 27
(HSP27), HSP60, and a-crystallin.3e5 Heat shock proteins,
which usually act as intracellular protein chaperones to
facilitate the proper refolding of damaged proteins,6 can
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outer surface of cells or released extracellularly under
stressful conditions.7e11 Prior laboratory studies demon-
strate that elevated intraocular pressure (IOP) triggers
upregulation of HSP27 expression on retinal ganglion cells
(RGCs).1 This is associated with retinal infiltration and
systemic responses of HSP27-specific T cells. Notably,
1https://doi.org/10.1016/j.xops.2023.100310
ISSN 2666-9145/23

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xops.2023.100310&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.xops.2023.100310
http://www.ophthalmologyscience.org


Ophthalmology Science Volume 3, Number 3, September 2023
RGC and axonal loss following IOP elevation occurred in
immunocompetent mice, but not in T-cell-deficient mice,
suggesting a critical contribution of T-cell responses to
glaucomatous neurodegeneration.1 Another study also
reported shifted T-cell homeostasis in patients with
glaucoma compared with controls.12

The role of autoimmunity and T-cell-mediated response in
glaucoma is further supported by our retrospective clinical
study. We demonstrated an increased prevalence of pre-
dominantly T-cell-mediated autoimmune diseases in patients
with primary open-angle glaucoma (POAG) undergoing
ophthalmic surgeries compared with controls.13 Furthermore,
others have provided indirect evidence by showing a thicker
retinal nerve fiber layer in patients with human
immunodeficiency virus and low CD4þ T-cell counts.14

In this study, we aimed to provide direct clinical evidence
for the role of HSP-specific T-cell responses in glaucoma
pathogenesis. Specifically, we examined peripheral blood T-
cell levels in patients with POAG and healthy controls to
establish a relationship between systemic levels of HSP-
specific T cells and glaucomatous optic nerve damage
measured by retinal nerve fiber layer thickness (RNFLT)
using OCT imaging. T helper type 1 (Th1) cells are a
lineage of CD4þ T cells that are often associated with
inflammation and tissue injury through cell-mediated
immunity.15e17 Regulatory T cells (Treg) are a subtype of
CD4þ T cells that are responsible for maintaining self-
tolerance and down-regulating immune response to self-
antigens.18 We specifically examined HSP-specific Th1 and
Treg cell counts, as well as the serum levels of relevant
cytokines associated with these T cells, namely, interferon-g
(IFN- g) for Th1 and transforming growth factor-b1 (TGF-
b1) for Treg.19,20 We also conducted OCT angiography
(OCTA) analysis and assessed the association of these T
cells and the microvasculature of the circumpapillary
region, which is reportedly compromised in POAG.21

Methods

Study Design and Study Population

This cross-sectional case-control study was approved by the
Massachusetts Eye and Ear Institutional Review Board and
adhered to the tenets of the Declaration of Helsinki. We recruited
patients with POAG and control subjects aged 35 to 89 years from
the Glaucoma Service and the Comprehensive Ophthalmology
Service, respectively, at Massachusetts Eye and Ear (Boston,
Massachusetts) between August 2020 and January 2023. Written
informed consent was obtained from all subjects.

The inclusion criteria for all participants were visual acuity of at
least 20/40 and refractive error between -6 diopters (D) to þ6D.
Exclusion criteria were significant ocular disease affecting visual
acuity or visual field (VF) other than glaucoma, prior ocular sur-
gery within a month of enrollment, any autoimmune or immuno-
deficiency disease, malignancy, body mass index � 40,22 diabetes
mellitus, topical or systemic steroid use at the time of recruitment,
and current smokers.23

Additional inclusion criteria for patients with POAG were:
open-angles on gonioscopy, reproducible glaucomatous VF loss,
and corresponding glaucomatous optic nerve damage evidenced by
abnormal quadrant(s) on OCT. Patients with secondary open-angle
glaucoma were excluded. Additional inclusion criteria for control
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subjects were: a negative family history of glaucoma, IOP mea-
surements � 21 mmHg, cup-to-disc ratio � 0.6, and cup-to-disc
ratio asymmetry between eyes < 0.2.

All participants underwent OCT and OCTA imaging fol-
lowed by a peripheral venous blood draw. OCT imaging pro-
vided quantitative RNFLT measurements, an indicator of
disease severity.24 OCT angiography measurements have been
shown to be compromised in patients with POAG and may be
an indicator of vascular pathology.21 Baseline demographic
information was collected for all participants from the clinic
visit nearest to the blood draw. A reliable Humphrey VF test
(HVF, Carl Zeiss Meditec), defined as fixation losses � 33%
and false-positive and false-negative rates � 20%,25 was used
for all patients with POAG if it was dated within 12 months
of the time of blood draw.

Retinal Nerve Fiber Layer and OCTA Image
Acquisition and Analysis

For all participants, the optic nerve head and peripapillary region of
both eyes were imaged after pharmacological pupil dilation by
utilizing an SS-OCT device (Triton, Topcon) to obtain a 6 �
6emm 3-dimensional optic disc scan and a 4.5 � 4.5emm
angiogram centered on the optic nerve head. Average peripapillary
RNFLT was automatically obtained from the 3-dimensional optic
disc scan. OCT angiography images were processed based on a
previously published protocol to obtain the superficial circum-
papillary vessel density (cpVD) measurements using customized
ImageJ (Fiji) software (ImageJ, United States National Institutes of
Health) plugins.21,26 OCT or OCTA scans with significant artifacts
or image quality scores below 45 and 40, respectively, were
excluded.27e29

T-Cell Assay

From each participant, 24 ml of venous blood was collected in 3
vacutainer cell preparation tubes with sodium citrate (Becton
Dickinson Vacutainer glass cell preparation tube [CPT] molecular
diagnostics tube) and processed according to the manufacturer’s
instructions to isolate peripheral blood mononuclear cells
(PBMCs). The PBMCs were isolated and stimulated in culture as
previously described1 with minor modification as described here.
In brief, cells were re-suspended in Roswell Park Memorial Insti-
tute-1640 medium containing 10% heat-inactivated fetal bovine
serum. Peripheral blood mononuclear cells were incubated with or
without HSP27 (10 mg/ml). Additional blood samples, when
available, were randomly allocated for incubation with or without
a-crystallin, a small HSP expressed prominently in the normal and
pathological retina that confers stress-induced response,30 or
HSP60 (10 mg/ml). After 48 hours of incubation, cells were
incubated with a solution containing Brefeldin A (Biolegend) for
4 hours and processed for immunostaining. Peripheral blood
mononuclear cells were double-immunolabeled for CD4 (Bio-
legend) and then for IFN-g or TGF-b1 (BioLegend). Peripheral
blood mononuclear cells reacted with corresponding isotype anti-
bodies were used as controls (Isotype, Fig 1E, G, I, K). Data
acquisition was performed with a NovoCyte 3000 Flow
Cytometer (ACEA Biosciences, Inc) and analyzed by FlowJo
(Tree Star). The percentage of CD4þ T cells positive for specific
cytokine markers was assessed (Fig 1).

Enzyme-Linked Immunosorbent Assay

We measured the serum levels of IFN-g and TGF-b1, as Th1 and
Treg T cell subtypes have been shown to express these cytokines,
respectively.19,20 For each subject, 9 ml serum was obtained from



Figure 1. Examples of heat shock protein (HSP)-specific helper T cells type 1 (Th1) cell measurements for control and primary open-angle glaucoma
(POAG) subjects. Retinal nerve fiber layer (RNFL) thickness profile and quadrant thickness of the right eye from a control subject (A) and patient with
POAG (B) are shown. The average RNFL thickness of both eyes for the control was 105 mm. The average RNFL thickness of both eyes was 70 mm for the
patient with POAG and 68 mm for the inferior quadrants. On the Humphrey visual field (VF), the POAG eye shows a superior paracentral defect (C). The
average VF mean deviation was e6.12 dB for both eyes of the patient with POAG. Flow cytometry plots for quantifying HSP27 specific Th1 cells (D-G) and
a-crystallinespecific Th1 cells (H-K) in the peripheral blood of the control subject and patient with POAG are shown, respectively. Peripheral blood
mononuclear cells were stimulated by HSP27 or a-crystallin in culture, double-immunolabeled for CD4 and interferon-gamma (IFN-g), and assayed by flow
cytometry. Isotype (Iso) reveals the background control staining in the absence of primary antibody (E, G, I, and K) for the corresponding plot shown to its
left (D, F, H, and J, respectively). The percentages of Th1 cells (CD4þIFN-gþ) specific for HSP27 and for a-crystallin are obtained by subtracting the
values displayed in the upper right box (Q2) of the Iso plots from the values displayed in the upper right box of the corresponding flow cytometry dot plots
(highlighted in red). Therefore, for the control subject, the HSP27-specific Th1 cell frequency was 2.36%, and a-crystallinespecific Th1 cell frequency was
1.56%. For the patient with POAG, the counts were 11.55% and 13.08%, respectively.

Saini et al � T Cell Correlates with RNFL in POAG
the venous blood and stored at e80�C until assayed. The levels of
IFN-g and TGF-b1 in serum were measured using a standard
commercial enzyme-linked immunosorbent assay (ELISA) accord-
ing to the manufacturer’s instructions (Human IFN-g ELISA kit,
Abcam and Human latency associated peptide [TGF-b1] Quantikine
ELISA Kit, B&D). The threshold sensitivity of human IFN-g and
TGF-b1 were 5 pg/ml and 1.31 pg/ml, respectively. A detailed
method outlining HSP-specific antibody measurement is provided in
Supplemental Appendix 1.
Primary and Secondary Outcome Measures

Primary outcome measures were as follows: (1) HSP-specific Th1
and Treg cell measurements in POAG and controls, presented as a
percentage of total PBMC count, as well as the serum levels of
relevant cytokines, IFN-g for Th1 and TGF-b1 for Treg; and (2)
correlation of RNFLT with the HSP-specific T-cell counts and the
serum levels of related cytokines in all participants or POAG sub-
jects only. Secondary outcome measures were as follows: (1)
3
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correlation of VF mean deviation (MD) with T-cell measurements;
(2) correlation of OCTA cpVD with T-cell measurements; and (3)
serum levels of HSP-specific antibodies in POAG and controls.

Statistical Analysis

Data analysis was performed using the statistical software
STATA 16.1 (StataCorp LLC). The normality of continuous
variables was assessed using the Shapiro-Wilk test. Continuous
variables were compared with an independent sample t-test or
Mann-Whitney U test, contingent on the normality of data. Tests
of proportion, including the chi-square test or Fisher exact test,
were used for categorical variables when appropriate. Pearson’s
correlations were performed for HSP-specific peripheral blood T-
cell counts or cytokine levels and OCT parameters; partial cor-
relations were used to calculate the correlation between these
variables after adjusting for age.31,32 All tests were 2-tailed, and
statistical significance was determined at P < 0.05.

Results

We enrolled 32 patients with POAG and 38 control subjects.
Primary open-angle glaucoma and control groups did not
differ in age (68.8 � 11.1 years vs. 70.3 � 8.4 years; P ¼
0.64) and gender (62.5% vs. 39.5% male; P ¼ 0.055;
Table 1). A lower proportion of patients with POAG were
White compared with controls (78.1% vs. 97.4% White;
P ¼ 0.01). Both groups had similar body mass index and
a similar proportion of subjects with systemic
hypertension (P � 0.29). The proportion of subjects who
had undergone cataract surgery in � 1 eye was similar in
the POAG and control groups (46.9% vs. 60.0%; P ¼
0.48). Phakic patients in both groups had similar average
spherical equivalence (0.1 � 2.3 D in patients with POAG
vs. e0.01 � 1.8 D in controls, P ¼ 0.85). Patients with
POAG and controls had similar best corrected visual
acuity (mean 20/22 vs. 20/23, 0.04 � 0.07 logarithm of
the minimum angle of resolution vs. 0.06 � 0.08
logarithm of the minimum angle of resolution; P ¼ 0.18).
Baseline IOP was lower in POAG (13.3 � 2.8 mmHg)
than in controls (15.3 � 2.2 mmHg; P ¼ 0.003). Among
patients with POAG, 90.6 % were being treated with IOP
lowering medications; 18.7% of the patients with POAG
had undergone penetrating glaucoma surgery in � 1 eye,
and 28.1% had undergone minimally invasive glaucoma
surgery in � 1 eye. Patients with POAG had increased
cup-to-disc ratio versus controls (0.7 � 0.1 vs. 0.3 � 0.1;
P < 0.001). OCT images of 2 controls and 1 POAG were
excluded due to poor image quality (4.3% of all images).
Therefore, 94.7% of controls and 96.9% of patients with
POAG had usable OCT images. OCT angiography images
of 8 controls and 4 patients with POAG were excluded
due to poor image quality (15.7% of images). Therefore,
78.9% of controls and 87.5% of patients with POAG had
usable OCT images. The average RNFLT of both eyes
was lower for patients with POAG (76.2 � 13.3 mm) than
for controls (99.8 � 10.0 mm; P < 0.001; Table 1). The
mean HVF MD for the POAG group was e4.7 � 4.0 dB.
For OCTA, patients with POAG had lower cpVD
compared with control subjects (40.0 � 2.9% vs. 43.0 �
2.7%; P < 0.001; Table 1).
4

Total nonstimulated Th1 and Treg cell counts in PBMCs
were similar in POAG (4.5 � 4.3% and 3.3 � 4.0%) and
controls (6.4 � 8.4% and 2.1 � 2.0%; P > 0.35 for both;
Table 2; Fig 2A, B). After stimulation with HSPs, CD4þ
Th1 cells specific for HSP27, a-crystallin, or HSP60 were
more abundant in patients with POAG than in controls
(7.3 � 7.9% vs. 2.6 � 2.0%, P ¼ 0.004; 5.8 � 2.7% vs.
1.8 � 1.3%, P < 0.001; 13.2 � 13.3% vs. 4.3 � 5.2%,
P ¼ 0.01; respectively; Fig 1, Fig 2CeG). In contrast,
Treg cells specific for HSP27, a-crystallin, or HSP60 did
not differ between POAG and controls (1.5 � 1.9% vs.
1.2 � 1.5%, P ¼ 0.54; 0.9 � 0.9% vs. 0.5 � 0.7%, P ¼
0.10; 2.6 � 2.3% vs. 1.4 � 1.5%, P ¼ 0.08, respectively;
Fig 2D, F,H). Fewer blood samples were available for a-
crystallin (n ¼ 13 controls and n ¼ 20 POAG for Th1
and Treg cells) and HSP60 stimulation (n ¼ 16 controls
and n ¼ 13 POAG for Th1 cells, and n ¼ 17 controls and
n ¼ 14 POAG for Treg cells) compared with those for
HSP27 (n ¼ 21 controls and n ¼ 28 POAG for Th1 cells,
and n ¼ 22 controls and n ¼ 29 POAG for Treg cells)
due to insufficient number of PBMCs from some study
subjects.

Serum levels of Th1-related cytokine, IFN-g, were
significantly higher in POAG compared with controls (36.2
� 12.1 pg/ml vs. 10.0 � 4.3 pg/ml; P < 0.001; Table 2 and
Fig 2I), whereas TGF-b1 levels did not significantly differ
between the 2 groups (2.7 � 1.3 ng/ml vs. 2.2 �
1.1 ng/ml; P ¼ 0.15). Given our controls and POAG
populations differed by race, we also conducted a
multivariable analysis to compare T-cell frequencies and
cytokine levels in patients with POAG compared with
controls with adjustment for race (Table S3, available at
www.ophthalmologyscience.org). We obtained similar
results demonstrating that patients with POAG had higher
HSP27e, a-crystalline, or HSP60-specific Th1 cells and
higher serum level of IFN-g compared with controls, even
after adjusting for race (all P � 0.02). Serum levels of anti-
HSP antibodies, specifically anti-HSP27, anti-HSP60, and
anti-a-crystallin, were similar in the POAG and control
groups (all P > 0.45, Table S4).

All patients with HSP-specific T-cell counts, cytokine
measurements, and good-quality OCT images were used for
the correlation analysis (Table 5). Average RNFLT of both
eyes adjusted for age negatively correlated with HSP27e
and a-crystallinespecific Th1 cell counts in all subjects
(age-adjusted partial correlation coefficient r ¼ e0.31,
P ¼ 0.03 and r ¼ e0.52, P ¼ 0.002; respectively;
Table 5, Fig 3A,B). Similarly, serum levels of IFN-g also
negatively correlated with RNFLT in all subjects (r ¼
e0.72; P < 0.001; Fig 3C). However, OCTA cpVD did
not correlate with HSP27e and a-crystallinespecific
T-cell counts in all subjects (P � 0.19 for all), while
IFN-g significantly correlated with vessel density average
of all subjects (r ¼ e0.40; P ¼ 0.002; Table S6).

In patients with POAG, the RNFLT average of both eyes
adjusted for age did not correlate with HSP-specific T-cell
counts or cytokine levels (Table 5). However, average
RNFLT of the inferior quadrant of both eyes significantly
correlated with HSP27e and a-crystallin-specific Th1 cell
counts (age-adjusted partial correlation coefficient, r ¼

http://www.ophthalmologyscience.org


Table 1. Baseline Characteristics of Control Subjects and Patients with POAG

Control (n [ 38) POAG (n [ 32) P value

Systemic characteristics
Age (yrs) 70.3 � 8.4 68.8 � 11.1 0.64
Gender (% male) 39.5 62.5 0.055
Race (% White) 97.4 78.1 0.01
Body mass index (kg/m2) 25.8 � 4.3 25.7 � 3.8 0.89
Systemic hypertension (%) 51.4 37.5 0.29

Ophthalmic characteristics
Visual acuity (Snellen, logMAR) 20/23,

0.06 � 0.08
20/22,

0.04 � 0.07 0.18
Spherical equivalent (diopters)* e0.01 � 1.8 0.1 � 2.3 0.85
Prior cataract surgery in � 1 eye (%) 60.0 46.9 0.48
Prior penetrating glaucoma surgery in � 1 eye (%) - 18.7 -
Prior minimally invasive glaucoma surgery in � 1 eye (%) - 28.1 -
Intraocular pressure-lowering medications - 2.0 � 1.3 -
Intraocular pressure (mmHg)y 15.3 � 2.2 13.3 � 2.8 0.003
Cup-to-disc ratio 0.3 � 0.1 0.7 � 0.1 < 0.001
Retinal nerve fiber layer thickness (mm) 99.8 � 10.0 76.2 � 13.3 < 0.001
HVF MD (dB) - e4.7 � 4.0 -

OCTA measurementsz

cpVD (%) 43.0 � 2.7 40.0 � 2.9 < 0.001

All data are presented as mean � standard deviation unless specified otherwise. Significant P values are in bold.
cpVD ¼ circumpapillary vessel density; HVF ¼ Humphrey visual field; logMAR ¼ logarithm of the minimum angle of resolution; MD ¼ mean deviation;
OCTA ¼ OCT angiography; POAG ¼ primary open-angle glaucoma.
*Only calculated for patients who had both eyes phakic as an average of spherical equivalent of both eyes.
yIntraocular pressure was measured on the day of blood draw. All patients with POAG received treatment for intraocular pressure.
zAvailable for 78.9% controls (n ¼ 30) and 87.5% patients with POAG (n ¼ 28).

Saini et al � T Cell Correlates with RNFL in POAG
e0.38, P ¼ 0.049 and r ¼ e0.50, P ¼ 0.03; respectively;
Table 7, Fig 4A, C), while average RNFLT of the
superior quadrant of both eyes did not (P � 0.62 for both;
Fig 4B, D). In patients with POAG, HSP27e and
a-crystallin-specific Treg cells and IFN-g did not correlate
significantly with RNFLT of either the inferior or superior
quadrant of both eyes (P � 0.16). Similarly, OCTA cpVD
Table 2. T-cell Counts and Cytokine Measurement

Nonstimulated T cell
Nonstimulated Th1 cells (%, [n ¼ 23 controls and 26 POAG])
Nonstimulated Treg cells (%, [n ¼ 24 controls and 27 POAG])

HSP27-stimulated T cell
HSP27 stimulated Th1 cells (%, [n ¼ 21 controls and 28 POAG])
HSP27 stimulated Treg cells (%, [n ¼ 22 controls and 29 POAG])

a-crystallinestimulated T cell
a-crystallinestimulated Th1 cells (%, [n ¼ 13 controls and 20 POAG])
a-crystallinestimulated Treg cells (%, [n ¼ 13 controls and 20 POAG])

HSP60-stimulated T cell
HSP60-stimulated Th1 cells (%, [n ¼ 16 controls and 13 POAG])
HSP60-stimulated Treg cells (%, [n ¼ 17 controls and 14 POAG])

Cytokine measurements
Interferon-g (pg/ml, [n ¼ 34 controls and 32 POAG])
TGF-b1(ng/ml, [n ¼ 24 controls and 32 POAG])

All data are presented as mean � standard deviation.
Significant P values are in bold.
HSP ¼ heat shock protein; POAG, primary open-angle glaucoma; TGF-b1¼
cells ¼ regulatory T cells.
did not correlate with T-cell counts or cytokine levels in
the POAG-only group (Table S6).

Additional analysis of patients with POAG assessed the
correlation with visual function. Neither HSP27e nor
a-crystallin-specific Th1 cell counts significantly correlated
with the average HVF MD of both eyes (P � 0.33; Fig S5A,
B). However, in patients with POAG with an HVF MD
s in Patients with POAG and Control Subjects

Controls POAG P value

6.4 � 8.4 4.5 � 4.3 0.95
2.1 � 2.0 3.3 � 4.0 0.35

2.6 � 2.0 7.3 � 7.9 0.004
1.2 � 1.5 1.5 � 1.9 0.54

1.8 � 1.3 5.8 � 2.7 < 0.001
0.5 � 0.7 0.9 � 0.9 0.10

4.3 � 5.2 13.2 � 13.3 0.01
1.4 � 1.5 2.6 � 2.3 0.08

10.0 � 4.3 36.2 � 12.1 < 0.001
2.2 � 1.1 2.7 � 1.3 0.15

transforming growth factor beta; Th1 cells ¼ T helper type 1 cells; Treg
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Figure 2. T-cell counts and cytokine measurements in patients with primary open-angle glaucoma (POAG) and control subjects. The average and standard
deviation values are shown in Table 2. HSP ¼ heat shock protein; Th1 ¼ helper T cells type 1; Treg ¼ regulatory T cells; IFN-g ¼ interferon-g; TGF-b1 ¼
transforming growth factor-b1.
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Table 5. Partial Correlation of Average RNFL Thickness of both Eyes and T-cell Counts or Cytokine Levels in all Participants and in
Patients with POAG, Adjusted for Age

All participants (POAG and controls) Partial correlation coefficient (r) P value

HSP27 stimulated Th1 cells (%, [n ¼ 20 controls and 28 POAG]) e0.31 0.03
HSP27 stimulated Treg cells (%, [n ¼ 21 controls and 29 POAG]) e0.11 0.44
a-crystallinestimulated Th1 cells (%, [n ¼ 13 controls and 20 POAG]) e0.52 0.002
a-crystallinestimulated Treg cells (%, [n ¼ 13 controls and 20 POAG]) e0.26 0.14
Interferon-g (pg/ml, [n ¼ 32 controls and 31 POAG]) e0.72 < 0.001

Patients with POAG Partial correlation coefficient (r) P value

HSP27-stimulated Th1 cells (%, [n ¼ 28]) e0.19 0.34
HSP27-stimulated Treg cells (%, [n ¼ 29]) e0.07 0.72
a-crystallinestimulated Th1 cells (%, [n ¼ 20]) e0.09 0.71
a-crystallinestimulated Treg cells (%, [n ¼ 20]) e0.24 0.31
Interferon-g (pg/ml, [n ¼ 31]) e0.31 0.09

Significant P values are in bold.
HSP ¼ heat shock protein; POAG ¼ primary open-angle glaucoma; RNFL ¼ retinal nerve fiber layer; Th1 cells ¼ T helper type 1 cells; Treg cells ¼
regulatory T cells

Saini et al � T Cell Correlates with RNFL in POAG
average better than e12 dB, a-crystallin-specific Th1 cells
were significantly inversely correlated with the HVF MD
average of both eyes (r ¼ e0.57; P ¼ 0.02; Fig S5D).
Among patients with POAG, 90.6% were being treated
with 2.0 � 1.3 IOP-lowering medications at the time of
enrollment. Heat shock protein-specific Th1 cell counts
and IFN-g did not correlate with the number of medications
when adjusted for HVF MD (Table S8).
Discussion

In this study, we showed that Th1 cells specific for HSP27,
a-crystallin, or HSP60 were significantly more abundant in
patients with POAG compared with controls, and the higher
counts of HSP-specific Th1 cells were associated with
thinner RNFLT in all subjects. We included the control
subjects in the correlation because retinal nerve fiber layer
thinning occurs as a continuum in glaucoma.33 Furthermore,
in patients with POAG, the average RNFLT of the inferior
quadrant significantly correlated with HSP27e and
Figure 3. Scatter plots and correlations of average retinal nerve fiber layer (RN
cytokine levels in all participants adjusted for age. Note that the fitted line i
corresponding P values were calculated with age adjustment. Significant P values
glaucoma; Th1 ¼ T helper type 1 cells.
a-crystallin-specific Th1 cells. Hence, this study provides
direct clinical evidence to support previous laboratory
findings implicating the role of HSP-specific T cells in
glaucomatous neurodegeneration in POAG. Given that
POAG is a condition of multiple etiologies, many of which
have not been demonstrated, providing clear and detailed
information about the autoimmune etiology of this disease
carries both clinical and scientific significance.

Previously, our group has shown in mouse models of
glaucoma that HSP-specific Th1 cells infiltrate the neuro-
retina following IOP elevation; HSP-specific Th1 cells
become more abundant systemically and mediate RGC and
axonal loss.1 In this study, we provide direct clinical evidence
that systemic HSP-specific Th1 cells are elevated in patients
with POAG compared with controls, and HSP27e and
a-crystallin-specific Th1 cell counts are negatively correlated
with RNFLT in all participants. The analysis is adjusted for
age, a factor known to affect RNFLT.31,32 In patients with
POAG, we reported a significant correlation between
HSP27 and a-crystallin-specific Th1 cells RNFLT of the
inferior quadrant, where initial glaucomatous damage is
FL) thickness of both eyes and heat shock protein (HSP)-specific counts or
n the plot is not adjusted for age. Partial correlation coefficients (r) and
are indicated with an asterisk and are in bold. POAG¼ primary open-angle
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Table 7. Partial Correlation of RNFL thickness in the Superior or Inferior Quadrants of both Eyes and T-cell Counts or Cytokine Levels in
Patients with POAG, Adjusted for Age

RNFL thickness of superior quadrant Partial correlation coefficient (r) P value

HSP27-stimulated Th1 cells (%, [n ¼ 28]) 0.005 0.98
HSP27-stimulated Treg cells (%, [n ¼ 29]) 0.02 0.90
a-crystallinestimulated Th1 cells (%, [n ¼ 20]) e0.12 0.62
a-crystallinestimulated Treg cells (%, [n ¼ 20]) e0.05 0.86
Interferon-g (pg/ml, [n ¼ 31]) e0.26 0.16

RNFL thickness of inferior quadrant Partial correlation coefficient (r) P value

HSP27-stimulated Th1 cells (%, [n ¼ 28]) e0.38 0.049
HSP27-stimulated Treg cells (%, [n ¼ 29]) e0.27 0.16
a-crystallinestimulated Th1 cells (%, [n ¼ 20]) e0.50 0.03
a-crystallinestimulated Treg cells (%, [n ¼ 20]) e0.14 0.56
Interferon-g (pg/ml, [n ¼ 31]) e0.25 0.19

Significant P values are in bold.
HSP ¼ heat shock protein; POAG ¼ primary open-angle glaucoma; RNFL ¼ retinal nerve fiber layer; Th1 cells ¼ T helper type 1 cells; Treg cells ¼
regulatory T cells.

Figure 4. Scatter plots and correlations of retinal nerve fiber layer (RNFL) thickness in the inferior or superior quadrant of both eyes and heat shock protein
(HSP)27-specific T-cell counts (A, B) and a-crystallin-specific helper T-cells type 1 (Th1) cells (C, D) in patients with primary open-angle glaucoma
(POAG). Note that the fitted line in the plot is not adjusted for age. Partial correlation coefficients (r) and corresponding P values were calculated with age
adjustment. Significant P values are indicated with an asterisk and are in bold.
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most likely to occur.34,35 Corresponding to the structural
damage we observed, we also showed that visual function
measured by average VF MD significantly correlated with
a-crystallin-specific Th1 cells in patients with POAG of
mild-to-moderate disease severity (MD > e12dB). Addi-
tionally, we measured systemic IFN-g levels, a cytokine
expressed by Th1 cells,19,20 and showed a strong negative
correlation with RNFLT in all participants. The elevated
systemic levels of IFN-g in patients with POAG support a
Th1-mediated autoimmune mechanism underlying the path-
ogenesis of glaucoma, as IFN-g is often considered a hall-
mark of the Th1 type reaction.20,36e38 We also addressed
potential confounders of our results. We excluded any pa-
tients with a known diagnosis of autoimmune disease, which
is more likely to develop in females than males.39 Despite a
higher percentage of females in the control group, we showed
that the POAG group had more abundant HSP-specific T-
cells than controls. a-crystallin is a lens structural protein and
can potentially lead to an increased immunogenic response
after cataract surgery.40 However, in the present study, a
similar proportion of control subjects and patients with
POAG had undergone cataract surgery. In addition, we did
not adjust our correlation analyses for axial length, due to
inconsistencies in the available data for this variable.
However, phakic patients in both the POAG and control
groups in our study had similar average spherical
equivalence. Finally, we also assessed the potential
confounding effect of glaucoma medications on immune
response and cytokine expression,41,42 and did not find any
significant correlation between the number of glaucoma
medications and T-cell counts or IFN-g levels when
adjusted for glaucoma severity. Hence, we are providing
convincing clinical evidence that systemic elevation of
HSP-specific Th1 cell levels inversely and directly corre-
lates with the loss of RNFLT in POAG.

Our study can be compared with a few previous studies
in patients with POAG. Yang et al12 reported that overall
Th1 cell counts are not significantly higher in patients
with glaucoma versus controls, but patients with glaucoma
showed a trend toward the decreased frequency of CD4þ/
CD25þ/FoxP3þ Treg cells within the entire CD4þ cell
population. In the present study, we saw no difference in
nonstimulated Th1 or TGFbþ Treg cell counts of patients
with POAG compared with controls. Although the results
regarding nonstimulated Th1 cell counts are similar to the
previous study, we did not observe an increase in Treg
cells in our study. This may be explained by different
subsets of Tregs evaluated by us, and the fact that CD4þ/
TGFbþ Tregs in our study are not identical to CD4þ/
CD25þ/FoxP3þ Treg cells, as the former also includes
Th3 and other T cell subsets.43 Moreover, the patient
cohort in Yang et al’s12 report had more severe glaucoma
with an average VF MD of e10.16 dB, while the POAG
group in our study had an average VF MD of e4.7 dB.
We went on to show that in addition to an increase in
HSP-specific Th1 cells, concurrently, IFN-g levels were
elevated in the POAG group compared with healthy
controls. Similar to our findings, Yang et al12 also reported a
proinflammatory shift in cytokine balance toward Th1
dominance, with a significant increase in IFN-g levels in
patients with glaucoma. In a different study by Wax et al,3

significantly higher levels of anti-HSP27, anti-HSP60, and
anti-a-crystallin antibodies were reported in patients with
POAG compared with controls. In their study, the mean VF
MD for the POAG population was in the e8.1 to -9.0 dB
range. In our prior study, we reported a less than onefold
increase in serum titers for anti-HSP antibodies in patients
with moderate to severe glaucoma compared with control
subjects.1 In the current study, we did not see a significant
difference in anti-HSP antibodies in patients with POAG
compared with controls, which may be explained by milder
disease severity (mean VF MD e4.7 dB) in our patients
with POAG. We chose to study patients of this disease
severity range as it reflects clinical practice.44

To evaluate the vascular pathophysiology of POAG45 and
assess its association with the autoimmune etiology, we
correlated cpVD obtained from OCTA with HSP-specific
T-cell counts and cytokine levels. We excluded patients
with diabetes mellitus as it may be an autoimmune disease
and can affect OCTA measurements.46 Although we saw a
significant decrease in cpVD in patients with POAG
compared with controls, we did not detect significant
correlations between cpVD and HSP-specific T-cell counts
in all participants. Interferon-g levels significantly correlated
with cpVD in all participants. Prior studies have shown that
IFN-g expression is implicated in vascular pathology;47

hence, the effect of IFN-g on the microvasculature in the
eye may be separate from the autoimmune response
mediated by T-cells in glaucoma. Given the lack of
correlation between T-cell counts and OCTA parameters,
we believe that the systemic HSP-specific T-cell response
may directly lead to axonal loss of RGCs, as supported by the
laboratory studies,1 and this process is independent of
vascular pathology. However, studies with larger sample
sizes may be required to confirm this hypothesis.

Primary open-angle glaucoma has previously been
associated with T-cell-mediated autoimmune disorders such
as psoriasis and rheumatoid arthritis.13 Furthermore, genetic
studies have established a relationship between the human
leukocyte antigen G, human leukocyte antigen H genes,
and POAG.48 Human leukocyte antigen genes encode the
major histocompatibility complex proteins which are
responsible for immune system regulation.49 Overall, our
findings, along with these prior studies, provide more
evidence for an immune etiology in POAG, by
specifically identifying a significant relationship between
systemic HSP-specific Th1 cell counts and RNFLT loss in
the eyes. In addition, we established a significant correlation
between a Th1-specific cytokine, IFN-g, with RNFLT loss
in all subjects. Heat shock proteinespecific Th1 cells or
IFN-g may become systemic biomarkers for assessing the
inflammatory status of the patients to better characterize the
patients’ glaucoma status and etiology. Interferon-g directed
therapies are already being used for other immune-mediated
9
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diseases.50,51 T-cell-mediated immune response, which is
antigen or target specific, may have greater therapeutic
potential with minimal side effects, especially when
locally applied to the eye. Currently, all glaucoma
therapies target increased IOP; however, our findings may
pave the way for immune-based therapy, partly via select-
ing for the appropriate patient populations who are likely to
respond to HSP- or T-cell-targeted immune therapies.

Our study is limited by its cross-sectional nature; thus,
no temporal relation between immune pathology and
glaucomatous damage can be assessed. In addition, our
sample size is small, and the analysis in the POAG-only
group is limited. Although a trained phlebotomist ob-
tained blood samples, some participants had only enough
sample to conduct HSP27-specific T-cell assays, indicating
a need to refine our T-cell analysis techniques. This also
limited our ability to analyze for T cells specific to other
types of HSPs. Furthermore, some patients were excluded
due to artifacts in the OCTA imaging, thus limiting our
conclusions regarding vascular pathology due to the
smaller sample size. Finally, the average VF MD of our
POAG population was e4.7 dB, indicating that most of the
patients had mild-to-moderate glaucoma, and thus our re-
sults may not be generalizable to all patients with POAG.
10
Longitudinal studies with larger numbers of patients with
POAG representative of various glaucoma severities are
underway.

In conclusion, we provide direct clinical evidence to
support prior laboratory reports that HSP-specific T-cell
response plays a role in glaucomatous neurodegeneration by
demonstrating higher levels of these cells in the peripheral
blood of patients with POAG compared with controls and
showing significant negative correlations of HSP-specific
Th1 cells with measure of disease severity, namely
RNFLT. These findings implicate the role of these HSP-
specific T cells in mediating glaucomatous neuro-
degeneration in patients and may lead to the identification of
novel treatment targets for POAG.
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