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A B S T R A C T

CD4 T-cell count is a priority for staging HIV disease and guiding clinical management as part of HIV care.
Conventional CD4 T-cell enumeration methods based on flow cytometry are expensive, require well-trained
personnel, and are challenging to use in rural, resource-scarce areas. A simple CD4 T-cell count test that can be
used at point-of care, the Flow-Through cell Counting Assay (FTCA), is described in this article. The FTCA is
based on the use of: 1) a special membrane that selectively retains white blood cells (WBCs); 2) a sample delivery
system; and 3) optical signal detection. To show the feasibility of the FTCA, a proof-of-concept prototype of the
FTCA cassette and digital camera or handheld reflectance meter were used for obtaining quantitative assay
results within 30min. The results show that the FTCA allows for quantitative enumeration of CD4 T-cells in the
clinically relevant range of CD4 T-cell concentrations. The advantages of the FTCA technology, including sim-
plicity, short analysis time, and portability, suggest that FTCA has great potential for use in clinical practice and
wide applicability for other cell-based diagnostic tests.

1. Introduction

HIV infection is a global public health concern. In 2017, approxi-
mately 36.9 million people worldwide were living with HIV, including
an estimated 1.8 million new infections (UNAIDS, 2018). An estimated
1.1 million people are currently infected with HIV in the United States
and nearly 39,000 were diagnosed with HIV in 2017, representing over
an 8% decline in annual infections since 2010 (CDC, 2019). AIDS-re-
lated deaths worldwide decreased from 1.9 million in 2005 to 940,000
in 2017 (UNAIDS, 2018). During this period, the number of people
accessing antiretroviral therapy (ART) increased 10-fold from 2.1 mil-
lion to 21.7 million. In recent years, much emphasis is being placed on
wider HIV screening, and the identification of infected individuals al-
lows implementation of intervention strategies. Individuals with HIV
infection and AIDS exhibit abnormalities of the immune system, re-
flected primarily in their CD4 T-lymphocytes, which are targeted by the
virus (Fahey et al., 1990; Lange et al., 1989; Phillips et al., 1991; Stein
et al., 1992). The evaluation of CD4 T-cell concentration provides an
assessment of immunologic competency and has proven to be an im-
portant parameter for disease progression (Di Biagio et al., 2017;
Kestens and Mandy, 2017).

The current WHO guidelines recommend ART initiation in all in-
dividuals upon HIV diagnosis, irrespective of CD4 T-lymphocyte level
(WHO, 2016), as early initiation of ART improves quality of life and
considerably increases life expectancy (Katz and Maughan-Brown,
2017; The Antiretroviral Therapy Cohort Collaboration, 2017). The
guidelines, however, prioritize ART initiation for individuals (including
children) with severe or advanced HIV disease. Therefore, adults with a
CD4 count ≤350 cells/μL and children< 5 years of age with WHO
clinical stage 3 or 4 HIV disease or a CD4 count ≤750 cells/μL are
considered a priority.

The 2017 update of WHO guidelines strongly recommend the use of
CD4 count for disease monitoring where viral load testing is unavail-
able. The CD4 count provides an important criterion for assessing dis-
ease progression, making decisions about ART regime changes, and
treating HIV infected individuals with opportunistic infections. The
CDC and NIH guidelines provide critical recommendations regarding
prophylaxis of potentially life-threatening, recurring, and debilitating
opportunistic infections in HIV positive patients whose CD4 counts are
100–200 cells/μL and monitored at regular intervals (every 3–6
months), in some cases regardless of HIV plasma viral load (CDC NIH,
2018). Thus, the CD4 testing will remain an extremely valuable tool at
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all stages of HIV disease monitoring (Kestens and Mandy, 2017).
Flow cytometry (or FACS) is the current gold standard for CD4 T-

lymphocyte counting. Several types of flow cytometers are available,
with the BD FACSCount, FACSCalibur (BD Biosciences), and EPICS XL
(Beckman Coulter) among the most popular instruments. Besides using
the traditional flow cytometers (open platforms that can employ dual or
single platform technology), simplified, dedicated single platform CD4
systems have been developed (Coetzee and Glencross, 2017; Peeling
et al., 2015). The commercially available dedicated platforms include
FACSCount (BD Biosciences), CyFlow Counter (Sysmex Partec), Muse/
Guava Auto CD4/CD4% system (EMD Millipore Sigma), and Apogee
Auto40 (Apogee Flow Systems). These dedicated platforms allow CD4
T-cell counting with moderate technical complexity, producing abso-
lute CD4 counts and a CD4/CD8 ratio without requiring an external
computer. Flow cytometry, despite being the gold standard method for
determining lymphocyte subpopulations, has several disadvantages: it
requires an expensive instrument (tens of thousands of dollars), an
expensive service contract, and well-trained personnel to operate it,
effectively limiting its use to well funded laboratories or central facil-
ities.

There are two commercially available, CD4 counting instruments
based on digital image analysis - Alere PIMA™ CD4 analyzer (Abbott
Laboratories) (Alere PIMATM Analyser, 2019)and BD FACSPresto™
near-patient CD4 counter (BD Biosciences) (BD FACSPRESTO - A near-
patient complete CD4 testing solution, 2019). Both instruments utilize
fluorescence imaging cytometry and all reagents are dried in a sealed
disposable cartridge. The FACSPresto also measures total hemoglobin
(Hb) concentration in addition to the absolute and percentage of CD4 T
lymphocytes. Several recent studies demonstrated a good agreement
between the PIMA analyzer and FACS-based CD4 enumeration (Diaw
et al., 2011; Faye et al., 2016; Jani et al., 2011b, 2011a; Manabe et al.,
2012; Mnyani et al., 2012; Mtapuri-Zinyowera et al., 2011; Sukapirom
et al., 2011). However, the instrument is rather expensive (> $5000
US) and sample throughput is very low (3 samples per hour) (Boyle
et al., 2012).

Available manual alternatives to FACS for CD4 T-cell quantitation
are: VISITECT® CD4 point-of-care test (developed by the Burnet
Institute, Melbourne, Australia) ("VISITECT® CD4 POC test, " n.d.) and
Dynal T4 Quant kit (Thermo Fisher Scientific) ("Dynal® T4 Quant Kit,"
2003; Peeling et al., 2015). The VISITECT CD4 is an instrument-free,
semi-quantitative test based on lateral-flow technology, and provides
test results in 40min. The Dynal T4 Quant kit uses magnetic Dynabeads
(the cell isolation process takes only 30min) and requires the use of an
epifluorescent microscope (although it can be performed with only a
light microscope), a hemacytometer, a vortex, a tube rocker, a timer,
and a magnet (Lutwama et al., 2008). Manual assays cost $5-6 per test
and are designed to operate with low sample throughput in resource-
limited laboratories. However, manual methods are labor-intensive,
require many manual steps and in case of Dynal test an experienced
microscopist, making them challenging to implement in many settings
(Peter et al., 2008).

In this paper, we show the feasibility of a novel FTCA method. The
method is based on an immuno-concentration type assay, with several
key characteristics: 1) a special membrane that selectively retains
WBCs, preferentially lymphocytes including CD4 T-cells; 2) a sample
delivery system which controls the flow of liquids through the filter
system; 3) optical assessment of results by automated and quantitative
means. The FTCA partially described in our patent (US 9097712B2, EP
2972345B1) (Bystryak and Santockyte, 2015) has several advantages
over other manual tests, including simplicity and short time of analysis.

2. Materials and methods

2.1. Materials

Biotinylated anti-human CD4 antibody, clone SK3, was purchased

from BD Biosciences (San Jose, CA). Leukosorb (B) membrane, WBF-2
and LRF10S filters were obtained from Pall Corporation (Port
Washington, New York). Streptavidin alkaline phosphatase conjugate
(Strep-AP) was purchased from Sigma-Aldrich (Saint Louis, MO). Nitro
Blue Tetrazolium (NBT) was purchased from Thermo Fisher Scientific.
Alkaline Phosphatase (AP) substrate solution and absorbent pads were
purchased from Bio-Rad Laboratories (Hercules, CA). Dynal T4 Quant
kit and Dynabeads CD3 were purchased from Invitrogen (Thermo
Fisher Scientific).

2.1.1. Clinical samples
Freshly drawn K3EDTA blood samples from different donors were

purchased from Biological Specialty Corporation (Colmar, PA). Ten
clinical K3EDTA blood samples from HIV-positive patients and two
samples from HIV-negative donors were obtained from and processed at
the Infectious Disease Laboratory at Ann & Robert H. Lurie Children's
Hospital of Chicago. All de-identified blood samples were processed
within 24 h of collection.

2.1.2. CD3 depleted blood samples
CD3+ T-lymphocytes were depleted using Dynabeads® CD3

(Invitrogen, Thermo Fisher Scientific) as described in the manu-
facturer’s instructions, with some modifications. Briefly, 50 μL of
Dynabeads were added to 1mL of undiluted whole blood from healthy
donors. Samples were incubated with tilting and rotation for 30min at
4 °C. After 30min incubation, samples were placed on a magnet for
1min, after which the supernatant was transferred to a new tube. The
new tube with supernatant was placed on a magnet for additional 1min
to ensure complete separation of CD3 depleted blood from Dynabeads.
The supernatant was transferred to a new tube once again. The re-
maining CD4 T-lymphocytes were counted using Dynal® T4 Quant kit.

2.2. Determination of CD4 counts with Dynal T4 Quant kit and FACS

The concentration of CD4 T-lymphocytes in whole blood and CD3 T-
lymphocyte depleted blood (as described above) was determined using
the Dynal® T4 Quant kit according to the manufacturer’s instructions,
with one modification. Briefly, the package insert recommends
counting cells in two hemacytometer chambers and averaging the re-
sults when the initial count is 100 cells/μL or less. We counted CD4 T-
cells in two chambers for all the samples, regardless of total number,
calculated the average count, and then calculated the final CD4 count
using the formula provided by the manufacturer. If the difference in cell
count between two chambers was more than 3 cells, we counted the
cells in three chambers and obtained the average before calculating the
final CD4 count. CD4 T-cells in HIV positive whole blood were counted
at CMH FACS laboratory using Beckman Coulter Epics XL Flow
Cytometer.

2.3. FTCA

2.3.1. Principle of the FTCA
The FTCA method is based on measurement of absolute counts of

CD4 T-cells. The FTCA employs a special filter that selectively captures
WBCs (Bruil et al., 1995), mostly lymphocytes, and a special me-
chanism for sample delivery. The general scheme for performing the
FTCA is shown in Fig. 1, and is comprised of the following steps for the
determination of CD4 T-cells in whole blood: 1) in Step 1, anti-CD4
antibody enzyme conjugate (or Biotin anti-CD4 – Streptavidin-enzyme
complex) is added to the whole blood; 2) after several minutes of in-
cubation at room temperature (RT), in Step 2, the mixture is applied to
the FTCA cassette (cartridge) which is comprised of a) a delivery tube
or opening; b) a retainer filter and c) an absorbent pad. In this step, the
sample applied through the delivery tube or opening travels to the re-
tainer filter (membrane), on which WBCs, including T-cell lymphocytes
bound to anti-CD4 antibody labeled with enzyme, are adsorbed; 3) in
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Step 3, the delivery tube is removed and a washing buffer solution is
poured onto the membrane in order to remove weakly bound sub-
stances such as red blood cells, enzymes, enzyme inhibitors, proteins,
and lipids from the retainer; 4) In Step 4, an enzyme substrate is added,
and the result of a color-forming reaction of the enzyme generating an
insoluble chromogenic product (colorimetric assay) is read by simple
optical means. A description of the components of the FTCA cassette
and reagents is provided below in more detail.

2.3.2. Prototype of the flow-through cassette
The laboratory setup (prototype of the FTCA cassette) which was

used in this study is shown in Fig. 2B. It is comprised of three major
components: a sample delivery tube/cylinder (1); WBC retainer filter
(membrane) (2); and an absorbent pad (3). The retainer filter se-
lectivity retains WBCs (mostly lymphocytes), including anti-CD4 anti-
body-cell complexes. Unlike conventional flow-through immunoassay
systems, in which the sample is generally applied directly over a filter
(as in Fig. 2A), the sample delivery in the FTCA cassette is controlled
using a disposable glass or plastic tube/cylinder (4 mm inner diameter),
gently pressed on the membrane placed over an absorbent pad. In this
study, various WBC retention membranes of 0.18mm thickness and
7mm diameter (cut circles) were used.

2.3.3. FTCA procedure
Two immunochemical reaction protocols were used in this study.

2.3.3.1. Reaction protocol 1. In this protocol, 70 μl of whole blood
sample was mixed with 20 μl of 3 μg/ml Biotin anti-CD4 antibody, and
the mixture was incubated for 15min at RT. After incubation, 10 μl of
Streptavidin-AP (30 μg/ml) was added and the sample was incubated
for an additional 15 min at RT. 50 μL of the sample was applied through
sample delivery tube of the FTCA laboratory setup (Fig. 2B) and
allowed to absorb completely. The delivery tube was removed and
the membrane was washed with 2.5mL of 10mM Tris, pH 7.4
containing 100 μg/mL NBT. AP substrate (100 μL) containing 3mM
Levamisole was applied to the center of the spot and allowed to react
for 2min at RT in the dark. After 2min, 200 μL of stop solution (0.1 N
HCl) was added to the membrane to stop the blue product development
reaction by enzyme.

2.3.3.2. Reaction protocol 2. In this protocol, Streptavidin-AP (24 μg/
mL) was premixed with undiluted Biotin anti-CD4 antibody (3 μg/mL)
in a 1:2 ratio. 30 μL of the Streptavidin-AP Biotin-antibody mixture was
added to 70 μL of whole blood or CD3 depleted blood and the mixture
was incubated with tilting and rotation for 15min at RT. After

Fig. 1. General scheme for performing of the flow-through cell counting assay.
A detailed description is provided in section 2.3.1.

Fig. 2. Laboratory setups of the FTCA cassette.
Panel A: A conventional system with retainer filter (membrane)
attached with tape (4) on the absorbent pad. The sample is applied
directly on part of the membrane through an opening in the tape.
Panel B: The FTCA cassette prototype comprised of a sample de-
livery tube/cylinder (1) held over the membrane either manuall y
or by mechanical means; WBC retainer filter (membrane, 2); and
an absorbent pad (3). The insets show images of the membranes
with final results obtained from a whole blood sample after the
color development step.
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incubation, 30 μL of the sample was delivered through the tube.
Membrane washing, color development, and stop solution steps were
the same as described in Protocol 1 above, except that the development
step time was 5min.

2.3.4. FTCA signal measurement
The intensity of the blue signal at the end of color development step

was measured using one of the optical methods described below.

2.3.4.1. Image analysis. Digital images of the membranes were taken
using a Fuji S7000 FinePix digital camera under ambient lighting
conditions at a fixed distance from the membrane. Quantitative image
analysis of digital photographs was performed using the QuantityOne
software (Bio-Rad). The software calculates signal intensity by
integrating all the pixel values (0–255) within the defined spot and
subtracting background signal intensity.

2.3.4.2. Reflectance measurements. Colorimetric analysis was done
using a handheld reflectance meter commonly used for glucose
measurements (Cobas® AccutrendPlus, Roche), following the
manufacturer's instructions with some minor modifications. Briefly,
after the color development step, the wet membrane circle was
removed from the FTCA laboratory setup and mounted on the test
area of the strip provided with the glucose meter. The test strip was
carefully positioned such that the color spot on the membrane faced the
optical window of the instrument. The displayed numerical result (in
glucose concentration units) was used as an arbitrary signal for
measurement of the color intensity.

2.3.5. CD4 T-lymphocyte calibration curve using FTCA method
For the preparation of the FTCA calibration curve, we used fresh

whole blood samples from healthy donors. Since all these samples
contained normal levels of CD4 T-cells, samples containing decreased
levels of CD4 T-cells were prepared by depletion of CD3 T-cells or CD4
T-cells. Because CD4 depletion leads to reduction of both CD4 lym-
phocytes and monocytes, we chose CD3 depleted blood samples to keep
monocyte concentration in blood samples unchanged. CD3 T-lympho-
cytes were depleted using Dynabeads® CD3 as described above (see CD3
depleted blood samples). The final CD4 count in these samples was
measured using the manual Dynal® T4 Quant kit. The FTCA experiments
were performed using reaction protocol 1 (Section 2.3.3.) and quanti-
tative results were obtained using image analysis (Section 2.3.4).

3. Results

3.1. FTCA cassette prototype

Unlike conventional flow-through immunoassays, in which the
sample, reagent, and wash solutions are added to the filter directly,
FTCA samples are added through a plastic or glass delivery tube/cy-
linder, which is gently pressed on the retention filter membrane over
the absorbent pad. This method provides a more controlled delivery of
the solutions within a confined area on the retention membrane. Fig. 2
illustrates the effect of using a small tube for sample delivery in our
flow-through system. The conventional and FTCA prototypes of cas-
settes developed for experimental studies are shown in Fig. 2. Both
prototypes consist of an absorbent pad (Bio-Rad Labs) and a WBC re-
tainer filter. The difference between these two prototypes is that in the
conventional scheme, the filter is attached to the absorbent pad using a
tape strip with a hole in the center for sample application (Fig. 2A),
whereas in the second variant, a plastic cylinder (4 mm diameter) is
gently pressed on the membrane (Fig. 2B). The final results obtained
from the two methods are shown as insets in Figs. 2A and B, respec-
tively. As can be seen in Fig. 2, the signal from the tube delivery method
is more uniform and stronger than that obtained using the conventional
cassette.

3.2. Selection of retainer membrane

In order for the membrane (filter) to be suitable for FTCA, it must
exhibit three main capabilities: 1) to selectively capture as many lym-
phocytes as possible, 2) to allow cells other than white blood cells to be
washed out; and 3) to allow the ratio of captured (adsorbed) lympho-
cytes to monocytes to be as high as possible, in order to avoid monocyte
interference. Indeed, one of the main problems associated with all
manual tests for CD4 T-cells is the interference of monocytes. Like CD4
T-cells, monocytes carry CD4 antigens, and the anti-CD4 antibodies
used for enumeration of CD4 antigens may bind to monocytes and re-
sult in increased CD4 count. Therefore, in most CD4 manual tests,
monocytes are first removed from blood and then CD4 cells are
counted. The additional step of monocyte removal obviously compli-
cates and lengthens the test procedure. Unlike other manual methods,
FTCA allows one to count CD4 T-cells without removing monocytes
from whole blood. However, in order for FTCA to be accurate for de-
termination of CD4T-cells at low CD4 concentrations, the range in
which monocyte interference is the greatest, the membrane used in
FTCA must adsorb lymphocytes much more efficiently than monocytes.

In this study, we used leukocytes reduction filters which are widely
employed in blood transfusion industry. These filters adsorb cells,
mainly leukocytes, based on size and charge of the cells (Bruil et al.,
1995). The exact mechanism of adsorption of different subsets of leu-
kocytes including lymphocytes depends on the particular type of the
filter and its manufacturing process, and usually unknown. We ex-
amined the suitability of three commercially available filters for FTCA
with the highest reported ratio of adsorbed lymphocytes to monocytes:
LRF10S, Leukosorb (B), and WBF-2 (Sowemimo-Coker SO, Zinn F, Kim
A et al., 2002). In order to compare these filters, we tested samples with
low or depleted CD4 counts using these filters in FTCA system. The
LRF10S filter membrane was found to be more efficient than the Leu-
kosorb (B) and WBF-2 membranes (data not shown). These results are
in general agreement with those reported by Pall (the filter manu-
facturer) (Sowemimo-Coker SO, Zinn F, Kim A et al., 2002) and pre-
sented in Fig. 3, which shows the three differential WBC fractions
(lymphocytes, granulocytes, and monocytes) for unfiltered whole blood
vs. the WBC fractions recovered from leukoreduction filters WBF-2 and
LRF10S after whole blood filtration. As can be seen in Fig. 3, the ratio of
lymphocytes to monocytes recovered from WBF-2 and LRF10S filters

Fig. 3. Differential WBC retention/recovery from WBF-2 and LRF10S leukor-
eduction filters.
Distribution of three WBC fractions (lymphocytes, monocytes, and granulo-
cytes) in unfiltered whole blood and after retention and recovery from two
leukoreduction filters of whole blood (Sowemimo-Coker SO, Zinn F, Kim A
et al., 2002).
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relative to the ratio in unfiltered whole blood is 2.2- and 3.3-fold, re-
spectively. Thus, a significant relative enrichment of lymphocytes is
observed on the LRF10S filter membrane. We found that the LRF10S
filter provided the best absolute lymphocyte adsorption efficiency, a
maximal signal to noise ratio for samples containing high and low CD4
counts, and minimal error due to CD4 monocytes adsorbed on the filter
(see below). Therefore, the LRF10S filter membrane was chosen for
subsequent studies using the FTCA system.

3.3. CD4 calibration curve using FTCA

The CD4 calibration curve obtained by reaction protocol 1 (section
2.3.3) and image analysis (section 2.3.4) is shown in Fig. 4 as a plot of
signal intensity vs. CD4 count (normal whole blood or CD3 depleted
blood) from triplicate samples. Since CD4 depletion leads to reduction
of CD4 lymphocytes and CD4 monocytes, we chose to deplete CD3 cells
to keep monocyte concentrations unchanged while making artificial
blood samples with reduced CD4 T-lymphocyte counts. It is apparent
from Fig. 4 that the calibration curve is linear in the entire clinically
significant range of CD4 T-cell concentrations (200 – 1200 CD4 cells/
μL). The most important feature of the FTCA calibration curve is that it
allows one to accurately quantify the signal in the range of CD4 T-cell
counts used for clinical HIV management (including opportunistic in-
fections), 100–350 cells/μL. Fig. 4 also shows that the error (coefficient
of variation, CV) of the measurements is< 20% which is acceptable for
this kind of assay (Stevens et al., 2008).

3.4. Possible interference of monocytes on CD4 T-cell count

To test monocyte interference in the FTCA method, we compared
signals obtained for CD3 depleted samples (high monocyte concentra-
tion, low CD4 T-cell concentration) with signals obtained for diluted
whole blood samples (low monocyte concentration, low CD4 T-cell
concentration). Table 1 shows that the difference between the signals
for blood samples containing approximately the same low CD4 T-cell
concentration (200 cells/μL) and high monocyte concentration (800
cells/μL) or low monocyte concentration (160 cells/μL) did not exceed
the error of our method. It is worth noting that in our experiments, the
CD3 depleted samples contained a practically maximal normal clinical
concentration of monocytes, which is approximately 800 cells/μL. Si-
milar results were obtained for undiluted clinical samples containing

different concentrations of monocytes (see Table 1).
The above experiments show that the presence of monocytes car-

rying CD4 antigen in whole blood does not affect the performance of
the FTCA. This could be driven by following: 1) compared to T-cells,
monocytes express about an order of magnitude less surface CD4 an-
tigens (Davis et al., 1998), which reduces the number of AP conjugate
molecules bound to the surface of the monocytes; 2) monocytes ad-
sorbed onto the LRF10S membrane are depleted significantly relative to
lymphocytes as compared to whole blood samples (see also Fig. 3).

3.5. Correlation between FTCA and the FACS and Dynal T4 Quant methods

In order to perform preliminary correlation analysis between our
FTCA method and two reference methods, FACS and Dynal T4 Quant,
CD4 T-cell count was measured by FTCA in all samples (n= 54), by
Dynal T4 Quant kit in 15 HIV-negative whole blood samples and 27
CD3 depleted HIV-negative samples, and by FACS in 2 HIV-negative
samples and 10 HIV-positive samples. The correlation between CD4 T-
cell counts assessed by FTCA vs. FACS and Dynal T4 Quant kit for dif-
ferent sets of samples is shown in Fig. 5 and Table 2.

CD4 cell counts of all samples (all data points, n= 54) were de-
termined by FTCA calibration curve. HIV negative whole blood (WB)
samples (black circles, n= 15) and CD3 depleted blood samples (blue
squares, n= 27) were analyzed by Dynal® T4 Quant kit. Flow cyto-
metry (red triangles) was used to analyze HIV positive samples (n=10)
and HIV negative samples (n=2, CD4≥ 1000 cells/μL). Statistical
parameters of the correlation analyses are listed in Table 2.

The regression slope of the correlation, R2 value, and Pearson cor-
relation coefficient are close to 1 for all but one (FTCA vs. FACS, 10 HIV
positive + 2 negative samples) sets of samples, indicating a strong
correlation and very good agreement with reference methods. Indeed,
of the 27 whole blood samples tested, there were 4 outlier results that
differed by more than 100 CD4 T-cells: The instances of poor correla-
tion between FTCA and FACS were observed with two HIV-positive
samples with CD4 count> 600 cells/μL and two HIV-negative samples
with CD4 counts> 1000 cells/μL. In these samples, FTCA results are
approximately 100–150 cells/μL less than FACS results. As can be seen
in Fig. 5, the FTCA allows one to determine CD4 counts in the total
range of all analyzed samples, 60–1480 cells/μL, which effectively
covers the entire range of clinical CD4 counts (200–1200 cells/μL).
Moreover, in the most clinically significant range of CD4 counts
(100–350 cells/μL), there is a very good correlation between FTCA vs
Dynal T4 Quant and FACS methods.

3.6. FTCA signal measurement using a portable reflectivity meter

All quantitative FTCA results described above were obtained using a
digital camera and a commercially available image analysis software
(QuantityOne from Bio-Rad). Though this approach can be justified as a
proof-of-concept for the FTCA, a small, portable, easy-to-use, and in-
expensive device is needed to make the assay more suitable for use in
the field. For this purpose, we also demonstrated that colorimetric
analysis of the FTCA test can be done using reflectivity measurements.
In optical reflectometry, changes in color are used to determine analyte
concentration. A simple glucose meter (Cobas® AccutrendPlus, Roche)
that uses reflectance photometry to quantify color intensity was em-
ployed in this study. For CD4 count measurement, a test strip with a
mounted LRF10S membrane was inserted into the Accutrend device,
and the result was displayed in less than 15 s. In order to prepare a CD4
count calibration curve using a glucose meter, the FTCA tests were
performed utilizing the simplified reaction protocol 2, which uses
Biotin anti-CD4 antibody -Streptavidin-AP conjugate prepared in ad-
vance (see Materials and Methods Section 2.3.3) and whole and CD3
depleted blood samples containing varying CD4 counts. The calibration
curve, which is a function of the reflected light intensity expressed as
glucose concentration units (mg/dL) versus CD4 counts, is presented in

Fig. 4. CD4 calibration curve using FTCA with image analysis.
Data obtained using FTCA reaction protocol 1 and image analysis (sections
2.3.3 and 2.3.4). Sample CD4 counts were measured using Dynal® T4 Quant kit.
Samples with CD4 count< 1000 cells/μL were prepared by depletion of CD3 T-
cells (section 2.1.2). The calibration curve fits well to a linear regression ana-
lysis with an equation, y = 0.336 x + 56.2 and R2=0.99.
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Fig. 6.
Data obtained using FTCA reaction protocol 2 and reflectance

measurements (Sections 2.3.3 and 2.3.4). The reflectance meter readout
is reported in glucose concentration units of mg/dL. CD4 counts of
samples were measured using Dynal® T4 Quant kit. Samples with CD4
count< 600 cells/μL were prepared by depletion of CD3 T-cells (Sec-
tion 2.1.2).

4. Discussion

In this paper, we describe the development of a novel FTCA system
and show its application for the enumeration of CD4 count in whole
blood samples. A prototype of the FTCA cassette with a controlled ap-
plication of sample through a delivery tube/cylinder was found to give

more uniform and stronger signal compared to a conventional system
with open/direct sample application on the membrane. For the CD4
count measurement application, a leukoreduction filter membrane was
employed. In order for the filter membrane to be suitable for this ap-
plication, it must possess three main properties: 1) ability to capture
WBCs with high capacity, 2) ability to selectively retain lymphocytes
upon wash and allow other cells and interfering substances (e.g. enzyme
inhibitors, etc.) to be washed out, and 3) ability to minimize inter-
ference from remaining monocytes. Unlike other manual methods,
FTCA allows one to count CD4 T-cells without removing monocytes
from whole blood. However, in order for FTCA to accurately quantify
CD4 T-cells at low CD4 concentrations, the range in which monocyte
interference could be significant, the membrane used in FTCA must
retain lymphocytes much more efficiently than monocytes. The present
proof-of-concept experiments show that the presence of monocytes at
highest normal level (800 cells/μL) has no significant effect on the
performance of the FTCA for CD4 T-cell measurement at the clinically
relevant concentration of 200 CD4 cells/μL, an important threshold
level for making decision about failing ART. It is however worth noting
that in our experiments, the CD3 depleted samples contained a practi-
cally maximal clinical concentration of monocytes of normal range
(200–800 cells/μL), which is 800 cells/μL. Monocytosis, the condition
with greater than 800 monocytes/μL is usually observed in patients
with chronic infections, autoimmune disorders, and certain cancers
(Chara et al., 2015, 2012). The prevalence of monocytosis among HIV-
positive patients is rather low, around 3% (Rahman et al., 2014).
Therefore, the probability of monocyte interference for the overall HIV
positive population should be low. Regardless, a more detailed study
including samples containing greater than 800 monocytes/μL is re-
quired in the future to find out if any possible interference towards an
accurate CD4 T-cell enumeration by the FTCA method occurs.

Our results demonstrate that the FTCA works well on whole blood
HIV negative samples, CD3 depleted samples (samples with decreased

Table 1
CD4 count bias between FTCA and reference methods for some clinical samples with high and low monocyte concentrations.

Sample No. Sample type Monocytes count, cells/μL CD4 count, cells/μL Bias (%)

Reference methods FTCA*

1 CD3 depleted 800 220 205 −15 (−6.8 %)
2 CD3 depleted 800 204 188 −16 (−7.8 %)
3 Diluted blood 160 210 194 −16 (−7.6 %)
4 Whole blood 730 451 477 +26 (+5.8 %)
5 Whole blood 440 409 391 −18 (−4.4 %)

* Calculated from formula: y=0.336 x + 56.2 (from calibration plot Trendline).

Fig. 5. Correlation analysis of CD4 cell counts measured by FTCA vs reference
methods.

Table 2
Statistical parameters from the correlation analysis of FTCA vs FACS and Dynal
CD4 counting methods.

Sample set (counting method,
sample type, number of samples)

Linear fit parameters Pearson
correlation
coefficientSlope Intercept R2

HIV negative 1.16 −177.3 0.94 0.97
(Dynal T4, whole blood, n= 15)
HIV negative 1.12 −33.9 0.84 0.92
(Dynal T4, CD3 depleted, n=27)
HIV positive 0.85 57.4 0.83 0.91
(Flow Cytometry, whole blood,

n=10)
HIV positive+negative 0.66 150.7 0.77 0.88
(Flow Cytometry, whole blood,

n=10+2)
All samples 0.96 1.1 0.94 0.97
(all methods, all sample types,

n=54)

Fig. 6. Preliminary CD4 calibration curve using FTCA with reflectance mea-
surements.
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lymphocyte concentrations), and HIV positive samples. Based on the
current proof-of-concept studies, the FTCA calibration curve allows
measurement of CD4 counts in the studied range of 60–1480 cells/μL.
The linearity of the FTCA calibration curve is very good in the range of
CD4 T-cell counts (200–1000 cells/μL) that is clinically important for
monitoring HIV progression. Testing clinical samples in parallel with
commercially available CD4 tests showed a high degree of correlation
between the FTCA vs Dynal T4 Quant and FACS (Table 2). The corre-
lation-coefficient between Dynal T4 and flow cytometry is 0.97
("Dynal® T4 Quant Kit," 2003), approximately the same as between
FTCA and reference methods (Dynal T4 + flow cytometry). Minor
discrepancies were observed in the range of CD4 counts exceeding 600
cells/μL, which is considered in the normal range and is, therefore, not
relevant for HIV disease monitoring. Although the cause of this dis-
crepancy is unknown, a much larger number of clinical samples must be
tested in order to draw a compelling conclusion about the correlation
between FTCA and FACS.

Current WHO guidelines emphasize HIV viral load testing for ART
initiation and HIV disease management. However, CD4 count remains
an important criteria at various stages of HIV disease management and
treatment against opportunistic infections (CDC NIH, 2018; Ford et al.,
2017; WHO, 2016). Developments in point-of-care (POC) CD4 counting
technologies have focused on methods that could be used in resource-
limited countries, in any health care setting or in the field. Time to
result for the tests designated to be used in the resource-limited settings
varies from 6 to 40min, with sample throughput of 3–10 samples per
hour. Commercially available PIMA™ CD4 test from Abbott Laboratories
is based on static image analysis and counting principles (Sukapirom
et al., 2011). In general, the development of a POC diagnostic test from
laboratory proof-of-concept to meeting regulatory requirements is a
long and challenging path. Several CD4 enumeration technologies have
been developed (Givens et al., 2017; Glynn et al., 2013;
Kanakasabapathy et al., 2017; Logan et al., 2013; Peeling et al., 2015;
Rodriguez et al., 2005), and although these tests are promising, they
require complex and relatively expensive equipment such as micro-
fluidic devices and signal detection and analysis systems. These tests
also need to be evaluated in clinical trials and may find it challenging to
progress to late development stages (e.g. Zyomyx CD4) (Price, 2016).
Published data is available for the PIMA CD4 test (Mtapuri-Zinyowera
et al., 2011; Sukapirom et al., 2011; Zeh et al., 2017), and has shown
that the test is prone to erroneous outcomes as a result of instrument
rejections due to failed internal control criteria (Fajardo et al., 2015).

The FTCA is based on a modified immuno-concentration method
and colorimetric analysis by means of image analysis of digital photo-
graphs or by measuring reflectance with a portable glucose-type re-
flectivity meter. In the near future, we intend to develop the next
generation of FTCA cartridge in conjunction with an inexpensive signal
analysis system. We envisage developing the FTCA POC test with the
imaging system as a standalone, portable, battery operated device, with
an integrated image analysis software, and an LCD panel to display CD4
counts directly. Alternatively, an affordable handheld device like a re-
flectance meter can be used to measure signal intensity and provide
output as CD4 count. The test cartridge will consist of a liquid delivery
port for incubated sample, the retention membrane, and the absorbent
pad. The design of the FTCA cassette will allow all steps, from sample
application to signal detection, to occur with minimal manipulation and
without requiring a skilled technician. The time to CD4 count results
from FTCA will be 30–40minutes, and multiple tests (≤ 10) can be
performed in parallel by a single operator in one hour.

5. Conclusion

In this paper we demonstrated the feasibility of a simple, flow-
through cell counting assay for enumeration of CD4 cells using the
prototype FTCA cassette, digital camera and image analysis software, or
simple blood glucose meter for the detection of a test signal. The FTCA

allows one to determine CD4 cell count quantitatively in the clinically
significant range of CD4 concentrations. Further development of the
assay will provide great potential not only for CD4 T-lymphocyte
enumeration, but also for other cell-based point-of-care tests in re-
source-constrained countries.
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