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SUMMARY

Human immunodeficiency virus (HIV) can infect cells and take a quiescent and
nonexpressive state called latency. In this study, we report insights provided
by label-free, gradient light interference microscopy (GLIM) about the changes
in dry mass, diameter, and dry mass density associated with infected cells that
occur upon reactivation. We discovered that the mean cell dry mass and mean
diameter of latently infected cells treated with reactivating drug, TNF-a, are
higher for latent cells that reactivate than those of the cells that did not reacti-
vate. Cells with mean dry mass and diameter less than approximately 10 pg
and 8 mm, respectively, remain exclusively in the latent state. Also, cells with
mean dry mass greater than approximately 28-30 pg and mean diameter greater
than 11–12 mm have a higher probability of reactivating. This study is significant
as it presents a new label-free approach to quantify latent reactivation of a virus
in single cells.
1Department of
Bioengineering, University of
Illinois at Urbana-
Champaign, Urbana, IL
61801, USA

2Department of Electrical and
Computer Engineering,
University of Illinois at
Urbana-Champaign, Urbana,
IL 61801, USA

3Quantitative Light Imaging
Laboratory, Beckman
Institute for Advanced
Science and Technology,
University of Illinois at
Urbana-Champaign, Urbana,
IL 61801, USA

4Everitt Laboratory, University
of Illinois at Urbana-
Champaign, Urbana, IL
61801, USA

5Lead contact

*Correspondence:
roydar@illinois.edu (R.D.D.),
gpopescu@illinois.edu (G.P.)

https://doi.org/10.1016/j.isci.
2021.102940
INTRODUCTION

Human immunodeficiency virus (HIV) is a global pandemic with over 38M infected individuals. Host cells

infected by HIV may either actively produce new viral particles or stay in a dormant state called latency,

where they are capable of evading detection and drug treatments and start viral production upon pertur-

bations. Despite the effectiveness of antiretroviral therapies (ARTs) to treat the actively replicating virus to

below the limit of detection, the establishment and existence of the latent cell reservoir remains the major

barrier to an HIV cure (Dahabieh et al., 2015; Richman et al., 2009; Ruelas and Greene, 2013; Siliciano and

Greene, 2011). Upon removal of ARTs, the latent HIV reservoir of cells reactivates and reinitiates active

replication of the virus to original viral levels in the blood. Viruses have been studied for underlying mech-

anisms establishing latency, and microscopy has been used to characterize gene regulation and viral de-

cision-making at the single-cell level (Bohn-Wippert et al., 2018; Hansen et al., 2018; Weinberger et al.,

2005, 2008; Zeng et al., 2010). As a fluorescence-based model system for studying HIV latency may not

always be available, label-free imaging methods may become more popular and are in higher demand.

Label-free imaging of HIV-infected cells allows the observation of viral behavior without the need for a

reporter-based system.

Biological samples are mostly transparent to visible light, resulting in low-contrast bright-field images. The

immediate solution in the early days was to resort to fluorescent staining for enhanced contrast. However,

fluorescence staining is known to perturb the function of live cells (Hoebe et al., 2007). Furthermore, fluo-

rescence imaging produces sample photobleaching and phototoxicity (Boudreau et al., 2016; Hoebe et al.,

2007), thus preventing long-term observations. The key to overcome the contrast limitation and to avoid

the drawbacks of fluorescence is to use a phase-sensitive imaging modality. Phase information stems

from the fluctuations in the optical path length introduced by the sample itself. The first such method

was Zernike’s phase-contrast microscopy (Zernike, 1955) in which a phase of p/2 is introduced between

incident and scattered field components. Phase-contrast microscopes enhance the contrast of biological

samples significantly. Another advance in mitigating low contrast was the introduction of differential inter-

ference contrast (DIC) (Lang, 1982) microscopy, wherein the contrast is provided by the interference of

laterally sheared and orthogonally polarized fields traversing the sample. These methods fall into the
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category of qualitative phase imaging methods, where contrast is increased, but phase information cannot

be extracted quantitatively.

In order to extract quantitative information from unlabeled specimens and take advantage of progress in

light sources, modulation devices, and photodetectors, recently quantitative phase imaging (QPI) has

developed very rapidly. QPI (Popescu, 2011) is the field of microscopy methods that measure phase infor-

mation from the specimens of interest. This capability enabled a broad range of biomedical applications

(refer to the study by Park et al., 2018 for a review). QPI has been applied to investigations of cell growth

(Kandel et al., 2019c; Lee et al., 2017; Mir et al., 2011; Sridharan Weaver et al., 2019), neuron dynamics (Cin-

tora et al., 2017; Fan et al., 2017; Hu and Popescu, 2018; Hu et al., 2019a; Wang et al., 2011a), intracellular

mass transport (Wang et al., 2011b), red blood cell properties (Popescu et al., 2005, 2006, 2007), fertility

outcomes in cattle (Rubessa et al., 2019, 2020), etc. Since it provides intrinsic markers such as dry mass

and optical path length change, it has been successful in revealing new and crucial information in histopa-

thology (Majeed et al., 2019; Takabayashi et al., 2018, 2019), prostate cancer (Nguyen et al., 2017c), breast

cancer (Majeed et al., 2018), colorectal cancer (Kandel et al., 2017), pancreatic cancer (Fanous et al., 2020),

skin cancer (Li et al., 2019), blood screenings (Mir et al., 2010), pelvic organ prolapse (Hu et al., 2019b), and

kidney injury (Ban et al., 2018). Recent advances in deep learning allow the development of phase imaging

with computational specificity, where synthetic fluorescence is generated computationally from label-free

data (Kandel et al., 2020).

GLIM is a recently developed QPI system that combines phase shifting, common path, and white light con-

figurations, which makes it extremely stable and sensitive (Kandel et al., 2019b; Nguyen et al., 2017). In this

study, we implemented GLIM for high-throughput well plate scanning to study the reactivation of latent

HIV in a latency model established in Jurkat cells (JLat 9.2) (Dar et al., 2014; Jordan et al., 2003). We

used the intrinsic cellular dry mass from theGLIM data to study the reactivation of the latent virus. We found

that reactivated cells exhibit statistically larger dry mass than latent ones, while the dry mass density re-

mains comparable between the two populations.
RESULTS

GLIM imaging

Reactivation of latent HIV in JLat 9.2 cells (Jordan et al., 2003) was previously studied using flow cytom-

etry (Bohn-Wippert et al., 2017; Dar et al., 2014; Lu et al., 2021) and fluorescence microscopy (Bohn-

Wippert et al., 2018), both using fluorescent probes expressed along with the viral genome. In a

previous study (Bohn-Wippert et al., 2018), it was reported that reactivation occurred in cells with larger

diameter. As a control experiment, T cell activation and cell size were shown to be independent of one

another using anti-CD69 antibody staining and flow cytometry. An aim of the current study was to

determine the applicability of quantitative phase imaging, specifically GLIM (Figure 1), to understand

the science behind cellular dynamics upon HIV reactivation from latency. The use of GLIM allows

extraction of properties that fluorescence cannot provide. Since this is the first study of HIV reactivation

through GLIM, the fluorescence channel from a reporter vector of HIV was simultaneously monitored to

draw the parallel.

JLat 9.2 cells were plated according to standard Cell-Tak protocol (see STAR Methods section). Tumor

necrosis factor alpha (TNF-a), a drug that reactivates HIV from latency (Folks et al., 1989), was added at

a concentration of 10 ng/mL to the plated cells right before the time-lapse imaging. Figure 1A shows

the GLIM imaging setup. Dual-channel imaging, comprising of simultaneous GLIM and fluorescence

acquisition, time-lapse imaging, was performed on the sample for 24 hr. Workflow is shown in Figures

1B and 1C. Upon reactivation, cells emit green fluorescence signal due to expression of a green fluo-

rescent protein (GFP). In all repeats of the experiment, reactivation occurred at about 8–10 hr after the

drug addition. The percent reactivation of the whole-cell population is about 20% around 20 hr after

TNF-a addition. These are consistent with previous reports (Bohn-Wippert et al., 2018). JLat 9.2 cells

are inherently in a latent state. These cells never reactivate or produce GFP signal without drug pertur-

bations, which was utilized as the control group in all the experiments to test this claim. No fluores-

cence signal was observed in the control group. GLIM can provide quantitative phase information of

the cells under study. Dual-channel imaging provided phase maps along with fluorescence maps for

each frame. Acquired phase information is intrinsic and does not require the use of any genetic modi-

fication or staining of the sample. This enables cellular imaging in their unperturbed form. The genetic
2 iScience 24, 102940, August 20, 2021
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Figure 1. Experimental details

(A) GLIM imaging setup: GLIM module is attached to a standard DIC microscope where a liquid crystal variable retarder

(LCVR) adds three additional phases in increments of p/2 to one of the two orthogonally sheared polarization beams.

(B) Cells were plated in a 6-well plate with untreated JLat 9.2 cells as control and replicates of JLat 9.2 treated with

10 ng/mL TNF-a.

(C) Experiment flow: TNF-a was added at t = 0 hr followed by imaging on a dual-channel (GLIM + fluorescence)

microscope; inset shows the 7 x 7 scanning grid per well.
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structure of the JLat 9.2 is shown in Figure 2A. Figure 2B shows the results obtained through GLIM

imaging. Time-lapse imaging was performed for 24 hr showing the progression of reactivation in Fig-

ure 2C where the first frame shows the reactivation that started at nearly 9 hr after TNF-a addition

(Bohn-Wippert et al., 2018).
Reactivated cells exhibit a higher dry mass and larger cell diameter

Images from both channels, GLIM and fluorescence, were registered and segmented to extract dry mass,

diameter, and dry mass density of individual cells. Single-cell tracking (meaning, positions of individual

cells were tracked over time) was performed to quantify reactivation at the cellular level. Results of these

processing steps are shown in Figure 3 (see STAR Methods section and Figures S1 and S2). Note that the

tracking result has memory of all the time frames, which is why there are tracks where the cells once were,

detached, and left the frame. Two types of processing techniques were used. One was the bulk process-

ing (see STAR Methods section and Figures S3 and S4), where the quantity of interest was averaged over

all cells in the entire frame and in time. It provided a coarse and quick analysis. We also used a second,

more detailed analysis, in which quantities were averaged over time for each single cell. We also

repeated the experiment for other JLat clones, namely JLat 10.6 and JLat 15.4, to assess the generality

of our results to additional integration sites. Figure 4 shows the results of the single-cell tracking method

for JLat 9.2, 10.6, and 15.4 cells. Temporal averages of cell dry mass (M) (Figures 4A, 4E, and 4G)) (see

STAR Methods section, (Equation 6)) and diameter (D) (Figures 4B, 4F, and 4H)) show higher dry mass

and diameter for cells with reactivated HIV. On the other hand, change in dry mass density (r) for

JLat 9.2 (Figure 4C) (see STAR Methods section, (Equation 5)) is small compared with the other two mea-

sures. These histograms also provide us the range of each measure. There were cells with diameter as

low as 6 mm to as high as 18 mm. Similarly, the observed dry mass ranges from 8 pg to 60 pg. Thus, it

can be concluded that the temporal mean (signifying individual cell trend, Figure 4) displays a significant

difference in mean diameter and dry mass between the cells that reactivated and those that did not, with

1-way ANOVA test yielding p values<0.001 (exact values shown in Figures 5A–5C). These observations

are not integration site dependent, as the same trend is observed in all three JLat clones, with slight

but negligible differences in the overall range of values of diameter and dry mass. These results are
iScience 24, 102940, August 20, 2021 3
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Figure 2. Correlative GLIM and fluorescence imaging

(A) JLat 9.2 is a clonal cell line derived from Jurkat T cells, infected with a full-length HIV gene circuit, with a deletion of the

env reading frame and a replacement of nef reading frame by GFP (Jordan et al., 2003).

(B) Quantitative phase image obtained from GLIM after integrating the phase gradient map (shown in inset) and

fluorescence map for the same field of view. Imaging was done using DIC 20x/0.8 objective and FITC filter for

fluorescence, scale bar: 20 mm

(C) 24-hr time-lapse imaging results. Reactivation of HIV from latency was first observed around 8–10 hr after drug

addition. Frames in 5-hr intervals are shown.
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compatible with the detected difference in diameter observed between latent and reactivated cells in a

previous study (Bohn-Wippert et al., 2018).
Cell dry mass provides a measure of reactivation, while dry mass density does not

Difference in dry mass density was not as evident as the differences observed in diameter and dry mass.

This implies that dry mass density remains a biological constant between latent and reactivated states

of HIV in JLat 9.2 cells. This is further proved by receiver operating characteristic (ROC) curves in Figure 4D,

where the areas under the curve (AUCs) for dry mass and diameter are nearly the same (0.64 and 0.63,

respectively), while the AUC for dry mass density is 0.55, which shows its limitation in characterizing differ-

ences between the two states. Another piece of evidence is the statistical result shown in Figures 5A–5C,

where the p value of mean dry mass density is significant yet highest among the three measures. Similar

statistical results from the Kruskal-Wallis test are shown in Figure S5 with p values<0.0001. The dependency

of dry mass and dry mass density on area is illustrated in Figures 5D–5G. Dry mass density has negligible

correlation with area for both ‘On’ and ‘Off’ cells (Figures 5D and 5E). Dependence of dry mass on area is

higher for both, reactivated (‘On’) cells (Figure 5G) and latent (‘Off’) cells (Figure 5F). This higher depen-

dency of dry mass on area is expected following the relationship in Equation 6 (see STARMethods section).
Exclusive and probable latency regime

Apart from the differences in mean dry mass and diameter, additional information was extracted from the his-

tograms in Figure 4. It can be seen that individual cells with temporal mean dry mass less than approximately

10 pg and temporal mean diameter less than approximately 8 mm stay exclusively in the latent state. However,

note that the total number of cells in these exclusive regimes is very small as compared with the total popu-

lation. On the other hand, it can also be inferred that cells withmean drymass and diameter smaller than 28-30
4 iScience 24, 102940, August 20, 2021
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GLIM and fluorescence (FL) masks were prepared from GLIM and fluorescence images (GLIM and FL), respectively. GLIM

and FL were registered to overlay them perfectly. Single-cell tracking was performed for 16 hr (from the ninth hour after

reactivation to 24 hr). Single-cell trajectories are shown in the tracking window. Scale bar: 20 mm
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pg and 11-12 mm, respectively, have a higher probability of staying latent, while the ones with mean dry mass,

diameter greater than these corresponding values, have a higher probability of being reactivated.

Time trends of reactivated HIV

The reactivation of HIV in JLat 9.2 cells due to the action of TNF-a was a slow process, with the first reac-

tivation event observed around 8–10 hr after drug addition, as shown in Figure 2C. The average ratio of

reactivated and latent cells per frame is plotted with respect to time in Figure 6A. Data follow a linear trend.

The range of % ‘On’ observed is consistent with reactivation previously observed for JLat 9.2 (Bohn-Wip-

pert et al., 2017; Dar et al., 2014). Fluorescence intensity averaged over cells per time bin is shown in Fig-

ure 6B where the red curve corresponds to the mean background pixel values of latent or nonfluorescent

cells. Figure 6C shows the mean dry mass trend for reactivated cells and latent cells over time. The rate of

decay of dry mass of ‘Off’ cells is higher than that of ‘On’ cells.

Mode of reactivation

Analysis of time-lapse images reveals some key modes of the reactivation process. Different modes of re-

activation were observed at the cellular level (Video S1). The first andmost prominent mode is growth. Cells

grow in size and reactivate. Another method is cell division. Reactivated cells upon division retain the re-

activation state in each of the daughter cells.
iScience 24, 102940, August 20, 2021 5



Figure 4. Single-cell processing result

(A–C) Histogram of temporal average of (A) dry mass (M), (B) diameter (D), and (C) dry mass density (r) for JLat 9.2 cells. Legend denotes reactivated cells by

‘‘On’’ and latent cells by ‘‘Off.’’

(D–H) (D) ROC curves for the three quantities. The area under curve is 0.63, 0.64, and 0.55 for drymass (M), diameter (D), and dry mass density (r), respectively.

Results on repeats of experiment on two different JLat clones with temporal average of (E) dry mass (M) and (F) diameter (D) for JLat 10.6 and temporal

average of (G) dry mass (M) and (H) diameter (D) for JLat 15.4. All three JLat clones show the same trend of reactivated cells having higher dry mass and

diameter than latent cells.
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Control experiments

To determine the validity of our results, several control experiments were carried out. We tested our results

against three variables: effect of exclusion of detached cells on size distribution, effect of exclusion of de-

tached cells on% reactivation, and effect of TNF-a addition on size distribution. Since all themeasurements

in this study are based on the cells that remain adhered to the 6-well plate, the detached cells were

not analyzed. However, to determine the effects of exclusion of detached cells, additional flow

cytometry experiments involving suspension cells were carried out, as explained in STAR Methods section.

The % reactivation events captured for both adherent and suspension cells match the trend with highest

reactivations occurring in JLat 10.6 cells and lowest in JLat 15.4 cells, proving that % reactivation trend is

not affected by the exclusion of detached cells (Figure S6). The diameter distribution is similar for both

cases, with mean diameter of adhered cells measured to be about 11.5 mmand 12.8 mm for suspension cells

(Figure S7). Both these results imply that we can safely neglect detached cells without biasing the findings

of this study. To determine the effects of TNF-a on the cell size distribution, we measured the size of cells

before and after TNF-a addition using an automated cell counter (MOXI Z, Orflo) (see STAR Methods sec-

tion). We found that the addition of TNF-a does not affect the cell size distribution (Figure S8).

DISCUSSION

We demonstrated the utility of label-free, intrinsic measures derived from GLIM in understanding the dif-

ferences between latent and reactivated states of HIV. Our results obtained with GLIM agree with the cell

diameter trend shown in a previous study using fluorescence imaging (Bohn-Wippert et al., 2018). In addi-

tion to the diameter, GLIM provides new intrinsic measures such as dry mass and dry mass density. These

measures also reflect the change between latency and reactivation upon addition of an activator treatment.

The results show that cells with higher dry mass and diameter have a higher probability of being in the re-

activated state than the latent state. However, dry mass is a stronger measure than the dry mass density.

This result suggests that while reactivation is correlated with heavier cells, this is achieved by an increase

in the overall size, while the density appears to be a biological constant.

The HIV long terminal repeat (LTR) promoter exhibits a switching behavior between an actively transcribing

‘‘on’’ state and a nontranscriptive ‘‘off’’ state, with a much faster rate of switching to the ‘‘off’’ state than to the

‘‘on’’ state (Singh et al., 2010). This produces bursty gene expression behavior where the gene exhibits short
6 iScience 24, 102940, August 20, 2021



Figure 5. Statistical results for JLat 9.2

(A–G) One-way ANOVA for temporal average of (A) dry mass (M), p = 8.81 3 10�37, (B) diameter (D), p = 2.47 3 10�39, and (C) dry mass density (r), p = 5 3

10�4. Each quantity exhibits p < 0.001 denoting significance. Sample size is 24,418 for the ‘‘Off’’ group and 445 for the ‘‘On’’ group. Dry mass and diameter are

suitable choices for measures of reactivation because of lower p value, indicating higher difference, than dry mass density. Scatterplot of area and dry mass

density for (D) ‘‘Off’’ and (E) ‘‘On’’ cells, showing no dependency. However, there is an observable dependency between area and dry mass for both (F) ‘‘Off’’

and (G) ‘‘On’’ cells. Pearson’s correlation coefficients are shown on each plot.
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bursts of transcription activity with long durations of no transcription. TNF primarily increases HIV’s burst fre-

quency (the rate of switching from ‘‘off’’ to ‘‘on’’), and previous research has shown that transcriptional burst

size (or the number of mRNA produced per activity pulse) increases with cell size (Padovan-Merhar et al.,

2015). Increases of burst frequency and burst size together increase mean protein abundance, suggesting

that the combination of TNF treatment and large cell size can potentially achieve the high protein abundances

needed for viral reactivation. This may explain why ‘‘on’’ cells in this study are larger than their ‘‘off’’ cell

counterparts. This phenomenon has also been observed in primary CD4+ HIV latency models where

cells exclusively reactivate at larger cell sizes (Bohn-Wippert et al., 2018) and with synergistic drug cocktails

tailored to enhance HIV reactivation by simultaneously increasing both burst size and burst frequency

(Dar et al., 2014).

While the changes in size alone can be monitored using flow cytometry, GLIM has many advantages over

flow cytometry. GLIM is a label-free quantitative microscopy technique, which enables measurement of

‘‘phase information’’ of the sample without external tags or stains. Quantities such as dry mass that indicate

nonaqueous cell mass are then derived from the phase information. No extensive sample preparation is

required as all the information is inherent in the sample itself. Also, GLIM is a wide-field measurement,

enabling thousands of cells to be imaged and quantified at one imaging time point. Flow cytometry, on

the other hand, uses a cell-by-cell measurement process. In contrast to fluorescence microscopy or flow

cytometry, the label-free nature of GLIM allows time-lapse observations of the sample over many days,

without any risk of photobleaching or phototoxicity.
iScience 24, 102940, August 20, 2021 7



Figure 6. Time trend analysis of reactivated cells for JLat 9.2

(A) Fraction of reactivated cells follow a growth curve, fitted with linear fit.

(B and C) (B) Mean intensity trend for reactivated, fluorescent cells (blue) and mean background pixel values for latent, nonfluorescent cells (red)

(C) Mean dry mass time trend for reactivated (On) and latent (Off) cells. Error bars on (B) and (C) indicate standard mean error.
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GLIM provides the ability to observe HIV reactivation events in terms of intrinsic cellular markers such as dry

mass. For the extraction of these intrinsic markers, GLIM does not require any fluorescent tagging. In this

study, we monitored the changes in dry mass and diameter, measured through GLIM, in reactivated cells

detected using the fluorescence signal. The focus of this study sought to quantify the differences measured

through GLIM in dry mass and dry mass density for reactivated and latent cells identified using fluores-

cence. Classification of latent and reactivated cells through GLIM may be a future application.

GLIM has the potential to help researchers investigate various biological phenomena, based on intrinsic cell

properties. This is as close as possible to track the natural cellular behavior in vitro, as the chemical or genetic

composition of the cell is not altered. The cells above and below dry mass cutoffs can be predicted to be

latent or reactivated with a high likelihood, and any measurement optimization that accentuates the cutoffs

will improve such a prediction. This study provides deeper insights into the changes incurred by cells uponHIV

reactivation in terms of both size andmass. The findings of this study are significant as they prove the potential

of QPI in the field of virology. Our study lays the first foundation of utilizing the power of QPI in the study of HIV

and potentially other viruses. HIV reactivation from latency has been shown to be cell cycle dependent (Bohn-

Wippert et al., 2018), and this phenomenon will be studied through GLIM in the future. Ultimately these

studies will help with the label-free evaluation of the efficiency of therapeutic strategies aiming to remove

the latent cell reservoir and cure HIV (Archin et al., 2012; Deeks, 2012).

Limitations of the study

Investigation of intrinsic measures of reactivated and latent cells using GLIM required the use of a fluores-

cent reporter to distinguish between the two cell types. In our future studies, we will explore the potential of

GLIM to detect the reactivated cells directly from the label-free data. Recent studies have shown that ad-

vances in deep learning algorithms paired with label-free imaging can provide an opportunity to replace

fluorescence with specificity algorithms (Kandel et al., 2020). Although currently we are able to find differ-

ences between intrinsic measures of latent and reactivated cells using GLIM, classification of the latent and

reactivated cell states through GLIM is subject to future studies.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY
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B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

B Cell line

d METHOD DETAILS

B Sample preparation
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B Dry mass

B GLIM imaging
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d QUANTIFICATION AND STATISTICAL ANALYSIS
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JLat Cells NIH AIDS Reagent Program NIH-ARP Cat#9848-69; RRID: CVCL_8285;

NIH-ARP Cat#9849-437; RRID: CVCL_8281;

NIH-ARP Cat#9850-417; RRID: CVCL_8282

Naı̈ve Jurkat Cells NIH AIDS Reagent Program NIH-ARP Cat#177-450; RRID: CVCL_0367

Chemicals, peptides, and recombinant proteins

Cell-Tak Corning Life Science 354241

TNF-alpha R&D Systems 210-TA

Experimental models: Cell lines

JLat 9.2 NIH AIDS Reagent Program NIH-ARP Cat#9848-69; RRID: CVCL_8285

JLat 10.6 NIH AIDS Reagent Program NIH-ARP Cat#9849-437; RRID: CVCL_8281

JLat 15.4 NIH AIDS Reagent Program NIH-ARP Cat#9850-417; RRID: CVCL_8282

Software and algorithms

MATLAB R2019b MathWorks RRID:SCR_001622

CellVista Pro Phi Optics https://phioptics.com/products/

Other

Gradient light interference microscopy

(GLIM) module

Phi Optics

(Kandel et al., 2019a; Nguyen et al., 2017)

https://phioptics.com/products/
RESOURCE AVAILABILITY

Lead contact

The lead contact for this study is Gabriel Popescu (gpopescu@illinois.edu).
Materials availability

This study did not generate any new materials or reagents.
Data and code availability

� All data reported in this paper will be made available by the lead contact upon request.

� All code descriptions are provided in the paper’s STAR Methods section and can be made available

by the lead contact upon request.

� Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell line

A well-established Jurkat T cell latency model of HIV (JLat) was used in the current study (Jordan et al.,

2003). In this model, Jurkat T cells are latently infected with a full-length HIV virus that has a deletion

of env and GFP replacing the nef reading frame (Figure 2A) (Jordan et al., 2003). JLat 9.2, 10.6, and

15.4, three unique clonal latent cell population with a single integration site (Jordan et al., 2003), were

chosen for the current study. JLat 9.2, 10.6, and 15.4 cell lines were obtained through the NIH AIDS

Reagent Program from E. Verdin.
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METHOD DETAILS

Sample preparation

Cells were plated in 6-well glass-bottomed plates, following standard protocol. To attach JLat cells to the

bottom of imaging plates, a master mix containing Cell-Tak adhesive by Corning was first prepared. It was

prepared with a mixture of sodium bicarbonate (75 g/L), sodium hydroxide (40 g/L), and Cell-Tak (2.03 g/L)

at a volume ratio of 291:5:4. For each well, 187 mL of master mix was added, incubated at room temperature

for more than 20 minutes, and completely dried off. Next, cells were added to the wells at a concentration

of 1.5 x 105 cells per well, suspended in 187 mL of Dulbecco’s phosphate-buffered saline (DPBS). Plated cells

were incubated at 5% CO2, 37
�C for 30–60 minutes, and unadhered cells were carefully washed off with

Roswell Park Memorial Institute (RPMI) media (w/ 10% fetal bovine serum (FBS) and 1% pen-strep, w/o

phenol red). TNF-a was diluted in RPMI media to 10 ng/ml, and 3mL of dilution was added to each well.

Figure 1B represents the well plate organization; one well was used as control to show the absence of GFP

signal in untreated JLat 9.2 cells, while the rest were plated with TNF-a-treated JLat 9.2 cells.
Gradient light interference microscopy

Gradient light interference microscopy (GLIM) (Kandel et al., 2019b; Nguyen et al., 2017) is an advance mi-

croscopy method that is based on the concepts of DIC microscopy. A low coherence source (red LED with

central wavelength of 690 nm) is used for microscopy, where themicroscope is in the DIC configuration. The

resulting spatially sheared, orthogonal polarization components are fed to a liquid crystal variable retarder

(LCVR) on the output port. The LCVR introduces variable phase shifts 4n in four increments of p/2 between

the two sheared beams. Field at the detector plane can be described as follows: (Kandel et al., 2019a;

Nguyen et al., 2017)

Udð r!Þ = Uð r!Þ+Uð r! + d r!Þei4n (Equation 1)

Intensity is then,

Id
�
r!�

= CUd

�
r!�

U�
d

�
r!�

Dt (Equation 2)ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiq

Idð r!Þ = Ið r!Þ+ Ið r! + d r!Þ+ 2 ðIð r!ÞIð r!+ d r!ÞÞcosð4ð r! + d r!Þ � 4ð r!Þ + 40 + 4n Þ (Equation 3)

where dr is the spatial displacement between two beams, 40 is the background phase due to the Nomarski

prisms in DIC, and4n = n p
2, for n= 0, 1, 2, and 3 is the phase shift introduced by the LCVR for phase-gradient

extraction (Kandel et al., 2019a; Nguyen et al., 2017).

The quantity of interest here is 4ð r! + d r!Þ � 4ð r!Þ, which can be expressed in terms of gradient,

4ð r! + d r!Þ� 4ð r!Þ = Vr4:d r! (Equation 4)

This phase gradient is then extracted using phase-shifting interferometry algorithm (Creath, 1988; Po-

pescu, 2011), utilizing the four intensity frames captured by varying 4n. The phase map (Figure 2B) is ob-

tained by integrating the gradient image.
Dry mass

Dry mass is a measure of nonaqueous content of the cell. Dry mass density, which is the ratio of dry mass to

area, is given by the following: (Li et al., 2019)

rðx; yÞ = l

2ph
4ðx; yÞ (Equation 5)

where l is the central wavelength of light used, h= 0:2mL=g is the refractive index increment, and 4ðx; yÞ is
the phase shift introduced by the sample at spatial location (x,y).

Total dry mass is calculated by taking the surface integral of r over the area of the cell (Mir et al., 2011).

M =
l

2ph

ZZ

A

4ðx; yÞdxdy (Equation 6)
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GLIM imaging

Cells were plated, and TNF-a was added to all but the first well at time t=0 hour. Sample was then taken for

dual-channel time-lapse imaging on the GLIM microscope. Each well was divided into 7 x 7 grid of frames,

with each frame being imaged for both fluorescence and phase gradient per time sampling point. Imaging

was done for 24 hours. GLIM microscope is a standard DIC microscope (Zeiss Axio-observer Z1) with GLIM

module (Phi Optics) attached to the side port. A cage incubator system is installed on the microscope with

temperature and CO2 set at 37
�C and 5%, respectively, for these experiments. Imaging was done using a

20x/0.8 DIC objective. For the fluorescence, FITC filter was used for GFP excitation. Fluorescence lamp po-

wer was kept at 50%. Before starting the experiment, GLIM has to be calibrated following a procedure out-

lined in a previous work (Kandel et al., 2019a) to estimate the phase value associated with the background.
Image processing

After obtaining the images, they were processed using MATLAB (The MathWorks, Inc). The dual-channel

images, phase and fluorescence, needed to be registered to perfectly overlay one on another. They were

registered usingMATLAB app, ‘Registration Estimator’. Followed by registration, images were segmented

by custom-built MATLAB codes, to extract binary masks for both phase and fluorescence images. These

masks were used to extract underlying region properties from the images, some of which are the cell diam-

eter and total phase of the cell from phase images and mean fluorescence intensity and identity from

fluorescence images. Identity here refers to the value ‘‘1’’ assigned to cells of the phase map that are pre-

sent in the fluorescencemap and ‘‘0’’ to the rest. After feature extraction, bulk processing was done by aver-

aging the cellular behavior over one frame. All the cells in one frame at one time instance signify the

average behavior of one cell at that time. This is a quicker but coarse processing that provides an estimate

of average population behavior.

Bulk processing was done to ascertain the population trend in latent and reactivated states of HIV. Seg-

mentation and data extraction were followed by single-cell tracking. To understand the single-cell behavior

over time, single-cell tracking was performed using MATLAB codes developed in-house. Segmented cells

were numbered as shown in Figure S2A. Different parameters including cell diameter and centroid were

measured for each numbered cell. Each cell in one frame was labeled and tracked over time using

Euclidean distance between centroids as a metric. The sensitivity of such detection depends on the initial

estimate of velocity of cells. During the course of tracking, this initial estimate of velocity is altered to ac-

count for cells that move faster than initial estimated velocity. Figure S2B shows the trajectories for one cell.

Figure S2C shows the trajectories for all cells in one frame. It is a cumulativemap showing all the trajectories

of cells that existed during the time of the experiment. The mean fluorescence intensity for reactivated

(‘‘On,’’ green) and background radiation for latent (‘‘Off,’’ red) cells is shown in Figure S2D. The drop in fluo-

rescence intensity is due to photobleaching induced by the high-intensity fluorescence excitation. Tracking

was done to calculate temporal mean of the quantities of interest per cell. Single-cell analysis yielded us the

range of values that were not provided by the population trend. Spatiotemporal mean is calculated for

each frame and is given by

mst =
1

Nt

X
t

P
c
ac

Nc
(Equation 7)

where Nt is the number of time frames, Nc is the number of cells per frame, and ac is the quantity per cell.

Temporal mean is defined for each cell tracked over time

mt =
1

Nt

X
t

ac (Equation 8)

The entire processing flow is shown in Figures S1 and S2.

To compare both ways of processing, histograms of mean fluorescence intensity are shown in Figure S3 for

bulk processing (Figure S3A) and single-cell tracking (Figure S3B). Both convey similar behavior of mean,

but bulk processing lacks the range information conveyed by the tails in Figure S3B. However, the well-

defined separation of fluorescence intensity between two groups validates our analysis procedure in

both cases. The result of bulk processing for dry mass, diameter, and dry mass density is as shown in Fig-

ure S4, exhibiting that dry mass (Figure S4A) and diameter (Figure S4B) in case of reactivated cells are larger
iScience 24, 102940, August 20, 2021 13
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than those of latent cells, while no such difference exists for dry mass density (Figure S4C). This finding cor-

roborates with the single-cell analysis results in main text Figure 4.
Additional control experiments

To compare the% reactivation and size distribution between adhered cells (measured throughmicroscopy)

and suspension cells (measured through flow cytometry), we conducted additional experiments. JLat 9.2,

15.4, and 10.6 cells were plated on a 6-well glass-bottomed imaging plate and treated with TNF at

10 ng/mL. At the same time, a separate sample of the three JLat clones were treated with TNF at

10 ng/mL in suspension. Microscopy was carried out immediately after TNF treatment on the adhered cells,

and flow cytometry measurements were carried out on the suspension sample 24 hr after the treatment.

Results for % reactivation are shown in Figure S6. As can be seen, both adhered and suspension cells follow

the same % reactivation trend with the highest reactivation seen in JLat 10.6 and lowest reactivations seen

in JLat 15.4.

We also assessed the size distribution of adhered and suspension cells using GLIM andMOXI, respectively.

Results shown in Figure S7 indicate that size distributions for adhered and suspension cells are similar.

To compare the effect of TNF-a on the Jurkat cells, MOXI measurement was performed on untreated cells

and cells treated with TNF-a. Figure S8 illustrates that there is no significant effect of TNF-a on the size

distribution.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis of the resulting data was carried out using MATLAB. Since the sample size is quite large,

with n = 445 samples in reactivated (‘‘On’’) group and n = 24,418 samples in latent (‘‘Off’’) group for JLaT

9.2 cells, normal distribution was assumed and one-way ANOVA was carried out, with default alpha 0.05.

The term samples refer to single cells. Figures 5A–5C show that all three measures have significant differ-

ence (p<<0.001), with p values mentioned on the bar plots, between ‘‘Off’’ (latent) and ‘‘On’’ (reactivated)

states. To ascertain the validity of results, the Kruskal-Wallis test was also carried out and it gave similar re-

sults with p values 2.433 10�32, 3.473 10�38, and 5.473 10�5 for dry mass, diameter, and dry mass density,

respectively. The Kruskal-Wallis test was followed by a post hoc test on mean ranks using Scheffe’s proced-

ure; results are shown in Figure S5. More details can be found in the Results section of this article.

Calculation of ROC curves was also carried out in MATLAB as described in Results section and Figure 4D.

Time trends shown in Figures 6A–6C were plotted using MATLAB. Error bars on Figures 6B and 6C repre-

sent standard mean error.
14 iScience 24, 102940, August 20, 2021
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