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We report a first in-depth comparison of immune reconstitution in patients with HIV-
related lymphoma following autologous hematopoietic cell transplant (AHCT) recipients
(n=37, lymphoma, BEAM conditioning), HIV(-) AHCT recipients (n=30, myeloma,
melphalan conditioning) at 56, 180, and 365 days post-AHCT, and 71 healthy control
subjects. Principal component analysis showed that immune cell composition in HIV(+)
and HIV(-) AHCT recipients clustered away from healthy controls and from each other at
each time point, but approached healthy controls over time. Unsupervised feature
importance score analysis identified activated T cells, cytotoxic memory and effector
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Tcells [higher in HIV(+)], and naïve and memory T helper cells [lower HIV(+)] as a having a
significant impact on differences between HIV(+) AHCT recipient and healthy control
lymphocyte composition (p<0.0033). HIV(+) AHCT recipients also demonstrated lower
median absolute numbers of activated B cells and lower NK cell sub-populations,
compared to healthy controls (p<0.0033) and HIV(-) AHCT recipients (p<0.006). HIV(+)
patient T cells showed robust IFNg production in response to HIV and EBV recall antigens.
Overall, HIV(+) AHCT recipients, but not HIV(-) AHCT recipients, exhibited reconstitution of
pro-inflammatory immune profiling that was consistent with that seen in patients with
chronic HIV infection treated with antiretroviral regimens. Our results further support the
use of AHCT in HIV(+) individuals with relapsed/refractory lymphoma.
Keywords: human immunodeficiency virus (HIV), hematopoeietic stem cell transplantation, Hodgkin lymphoma
(HL), Non-Hodgkin lymphoma, multiple myeloma
INTRODUCTION

Improved outcomes in treatment of HIV-associated lymphomas
have been achieved in the era of combined antiretroviral
therapy [cART] by using multi-agent, dose-intense immuno-
chemotherapeutic regimens, suggesting that HIV-positive [HIV
(+)] patients can tolerate intensive approaches with curative
intent (1–6). Standard combination therapeutic approaches
have achieved complete response (CR) rates >70% in HIV-
associated Hodgkin’s (HL) and non-Hodgkin’s lymphoma
(NHL) patients (7–10). However, not all HIV(+) patients with
HL and NHL achieve a sustained first complete remission. In
HIV-related NHL, the risk of relapse exceeded 11% after a
median follow up of 4.5 years in patients that achieved CR
with initial chemotherapy in a prospective observational study of
254 patients (11).

Multiple groups have performed autologous hematopoieticcell
transplant (AHCT) in limited numbers of HIV(+) patients with
high-risk lymphoma in the era of HIV viral load control with
cART. Observational studies have reported successful engraftment
and low risk of post-transplant infection (12–16). BMT CTN
0803/AMC 071/NCT01141712 was the first interventional, Phase
2 prospective trial investigating the safety and efficacy of a unified
myeloablative conditioning regimen followed by AHCT in 40
patients with controlled HIV infection and chemotherapy
sensitive relapsed/refractory HIV-associated lymphoma. This
study demonstrated two-year progression-free survival (PFS) of
79.8% and a low 1-year transplant-related mortality (TRM) of
5.2% (17). Finally, a prospective multicenter study of AHCT for
early consolidation in 16 patients with high or high–intermediate
risk HIV-related NHL showed a 50-month OS and PFS of
93.7% (18).

Few studies to date have documented the kinetics of immune
system recovery post-transplant in HIV(+) patients, reporting
delayed but successful recovery of CD4+ T cells and elevated
CD8+ T cell counts by 1-2 years post-transplant (13, 16–18).
Furthermore, few comparisons of immune reconstitution after
autologous transplant following different conditioning regimens
exist. We hypothesized that immune reconstitution post-ASCT
is influenced by multiple factors, including the type of
org 2
hematologic malignancy, the choice of chemotherapy
conditioning regimen and the presence of immune stimuli,
such as a chronic HIV infection or vaccination. Here we
describe a first detailed analysis of quantitative and functional
recovery of the cellular adaptive and innate immunity in HIV(+)
recipients of AHCT for treatment of HL or NHL on the BMT
CTN 0803/AMC 071/NCT01141712 trial. This was compared to
the kinetics of immune reconstitution in a cohort HIV(-) AHCT
recipients with multiple myeloma (MM) that received a
pneumococcal polyvalent vaccine on an observational clinical
trial (NCT00569309), and healthy controls. Comparisons were
made across total numbers and multiple sub-sets of T cells, B
cells and NK cells obtained by 5-color flow cytometry. Global
trends in immune reconstitution were compared by principal
component analysis (PCA). Lymphocyte populations that had
the greatest impact on the difference in immune reconstitution
between subject cohorts were identified by feature importance
score analysis (FIS), a random sampling analysis aimed at the
quantification of importance of specific immune cell populations
to the difference between the cohorts. Finally, direct comparisons
of reconstitution of specific lymphocyte subsets were performed
using Wilcoxon rank-sum tests with false discovery rate
(FDR) correction.

We found that immune reconstitution followed distinct
avenues in HIV(+) and HIV(-) AHCT recipients, with HIV(-)
cohort achieving similarity with healthy controls and HIV(+)
cohort reconstituting immune features associated with chronic,
controlled HIV infection at 1 year post-transplant. Within the
first year following AHCT, we observed persistently lower
absolute numbers of CD4+ helper T cell subsets, higher
numbers of CD8+ T cell subsets and activated T cells, lower
numbers of activated B cells and lower numbers of natural killer
(NK) cell subsets expressing marker of activation and inhibition
in HIV(+) AHCT recipients, compared to HIV(-) AHCT
recipients and healthy controls. T lymphocytes from HIV(+)
patients responded robustly to recall antigen challenge with HIV
and Epstein-Barr virus (EBV) pepmixes. Overall, these data
indicate a trend toward an activation-prone state of the
adaptive cellular immunome in HIV(+) patients after AHCT
that is maintained despite undetectable HIV viral load in the
September 2021 | Volume 12 | Article 700045
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majority of patients, and despite response of their lymphoma to
myeloablative therapy. Our findings suggest that HIV(+)
individuals in post-transplant remission from aggressive
lymphoma may continue to experience impaired immune
surveillance associated with chronic HIV. Our conclusions
warrant further investigation into this distinct immune
reconstitution and long-term clinical consequences in this
patient population.
METHODS

Flow Cytometry Acquisition and Analysis
Whole blood samples were collected in anticoagulant citrate
dextrose solution (BD Medical Technology) from 37 HIV(+)
AHCT recipients, 30 HIV(-) AHCT recipients and 71 healthy
controls. Five color flow cytometry was performed using defined
antibody panels as previously described (19). Antibody vendors
and clones are listed in Table S4. Briefly, flow cytometry was
performed via stain lyse run approach on automated Prep2
Workstation cell preparation system and TQ-prep Workstation
with ImmunoPrep Reagent System, according to the
manufacturer’s instructions (Beckman Coulter). Acquisition
and analysis were performed using CXP software with Prim
Plot utility, using CD45 and side scatter characteristics to gate on
lymphocytes. The results were expressed as absolute number or
percentage of total gated lymphocytes and absolute number of
cells per microliter of blood using absolute lymphocytes count
from ActDiff hematology analyzer (Beckman Coulter).

Statistics
Unsupervised Principal Component Analysis
Flow cytometry data on cell proportions from HIV(+) AHCT
recipients, HIV(-) AHCT recipients and healthy controls were
compared by principal component analysis (PCA) in R software
across 18 mononuclear immune cell subsets. HIV(+) AHCT
recipients and healthy controls were also compared using 100
mononuclear immune cell subsets.

Importance Index and Feature Importance
Score Analysis
A pairwise analysis of immune profile similarity was performed
using I-Index, an overlap measure defined by Rempala and
Seweryn, in R software using the R-package “divo” (available
from URL https://CRAN.R-project.org/package=divo) (20). The
pairwise similarity matrix was used for hierarchical clustering as
described (21).

The immune data are sparse and inter-correlated due to the
presence of highly abundant immune populations in conjunction
with low cell numbers across other immune populations.
Immune cell subsets are also highly correlated across multiple
samples and subject cohorts (21). Therefore, to identify the
cellular subsets that had the most impact on differences in
immune reconstitution observed in HIV(+) AHCT recipients
and healthy controls, we applied a pre-filtering approach to
increase the power of the study and avoid redundant
Frontiers in Immunology | www.frontiersin.org 3
comparisons, as previously described (20, 21). This method
guarantees an extremely low likelihood of false positives and a
high rate of identification of true positives (21). In this approach,
we use an information-theoretic similarity measure (I-index),
which is able to detect overlap between two sets of immune cell
populations derived from distinct subject cohorts in the setting of
highly abundant as well as rare immune cell populations (20).
The core of the method is presented in the supplemental
Figure S1.

Below, we present a short description of our approach applied
to compare two sets of lymphocyte characteristics (‘case’ and
‘control ’) (21). Briefly, after data pre-processing and
normalization, cohort lymphocyte characteristics were
compared as follows: each individual ‘case’ immune profile was
compared with the set of all ‘control’ immune profiles. This
defines a distance ‘d’ between each case immune profile and a set
of control samples d(case; controls) = [I-index(case + controls)]
– [I-index(controls)]. The main aim was to quantify the
importance of specific immune cell populations to the
difference between “case” and “control” immune profiles. We
used a previously described approach: for a lymphocyte
population ‘j’ and a defined subset of immune cell populations
‘J’, which contains ‘j’, the feature importance score (FIS) for
lymphocyte population ‘j’ was defined as the contribution of ‘j’ to
the distance between case and control lymphocyte sets (21). This
contribution was computed as the difference based on the whole
set ‘J’ versus the set ‘J-j’; ‘J’ and ‘J-j’ of “cases” were compared to
“controls”. This makes the FIS for feature ‘j’ dependent on the set
‘J’. Hence, we randomly selected 500,000 subsets of 10 immune
marker combinations from the 100 marker combination set and
7 immune marker combinations from the 18 marker immune
marker set. For each feature in these sets, we calculate its FIS for
the comparison between any ASCT recipient immune cell
characteristics and the set of controls. Subsequently, we
calculate the median FIS for each feature/ASCT recipient
combination and used the Wilcoxon test (with FDR
correction) to find immune marker combinations with positive
FIS in ‘almost all’ ASCT recipients (21).

Statistical Analysis Comparing Distributions of
Absolute Cell Numbers and Cell Proportions of
Specific Immune Cell Subsets
Flow cytometry results for immune cell subset recovery in HIV
(+), HIV(-) and healthy control cohorts were compared by
Wilcoxon rank sum tests with Bonferroni correction. For the
18 immune cell population comparison of HIV(+) AHCT
recipients, HIV(-) AHCT recipients and healthy control, false
discovery rate was controlled for, so significant differences were
indicated by p<0.006 (1/162 comparisons=0.006). Similarly for
the 100 immune cell population panel comparison of HIV(+)
AHCT recipients and healthy controls, significant differences
were indicated by p<0.0033 (1/300 comparisons=0.0033). For the
comparisons between HIV(+) AHCT recipients with Hodgkin’s
lymphoma and HIV(-) AHCT recipients across the 18 immune
cell population panel, controlling the false discovery rate gave a
significance cutoff a p<0.0185 (1/54 comparisons).
September 2021 | Volume 12 | Article 700045
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Functional Immune Recovery Analysis
PBMCs were isolated from blood of HIV(+) AHCT recipients
collected at 56, 180, and 360 days post AHCT (n=31 at days 56
and 180, n=22 at day 365), and 5 healthy volunteers by density
gradient centrifugation. Secretion of interferon-gamma (IFNg) in
response to pepmixes containing epitopes of the EBV recall
antigen BZLF1, HIV recall antigen GAG or CD3-specific
antibody was assessed with the Human IFNg enzyme-linked
immunospot (ELISpot) kit (Mabtech) as per manufacturer’s
instructions. Spots were visualized and counted using an
Immunospot Imaging Analyzer (Cellular Technology Ltd.,
Cleveland, OH).

Study Approval
This is a correlative study that used de-identified samples from
patients enrolled on the BMT CTN 0803/AMC 071/
NCT01141712 and NCT00569309 trials. Multiple institutions
recruited patients onto the BMT CTN 0803/AMC 071/
NCT01141712 trial. In each institution, patient enrollment was
approved by the Institutional Review Board in accordance to the
ethical principles regarding human experimentation stated in the
Declaration of Helsinki. Written informed consent was received
at each individual institution from participants prior to inclusion
in the study. De-identified blood samples were shipped to the
Ohio State University for analysis that incorporated secondary
use of de-identified data and did not constitute human subjects
research. The following institutions recruited patients onto the
BMT CTN 0803/AMC 071/NCT01141712 trial: Beth Israel
Deaconess Medical Center, Blood & Marrow Transplant
Program at Northside Hospital, City of Hope National Medical
Center, Emory University, Fred Hutchinson Cancer Research
Center, H. Lee Moffitt Cancer Center, Johns Hopkins Sidney
Kimmel Comprehensive Cancer Center, Memorial Sloan-
Kettering Cancer Center, Ohio State University Arthur G.
James Cancer Hospital, Rush University Medical Center,
University of California Los Angeles, Moores University of
California San Diego Cancer Center, University of California
San Francisco, University of Florida Shands Medical Center,
University of Maryland Medical Systems – Greenebaum Cancer
Center, University of Rochester Medical Center, University of
Texas MD Andersen Cancer Research Center, Washington
University Barnes-Jewish Hospital, and New York-Presbyterian
Hospital/Weill Cornell Medical Center. The Ohio State
University recruited patients onto the NCT00569309 trial, and
use of de-identified data was approved by the Ohio State
University Institutional Review Board (Study Number:
2021C0016). Normal ranges for cell subsets were established by
the clinical pathology laboratory using de-identified samples
from normal donors according to clinical laboratory regulations.
RESULTS

Demographics of Subject Cohorts
Demographic information on HIV(+) AHCT recipients, HIV(-)
AHCT recipients and healthy controls is shown in Table 1.
Frontiers in Immunology | www.frontiersin.org 4
The HIV(+) cohort consisted of 37 patients, 14 of whom had HL
and 23 had NHL, that received ASCT on the BMT CTN 0903/
AMC 071/NCT01141712 phase II study after myeloablative
conditioning with carmustine, cytarabine, etoposide and
melphalan (BEAM) (17). Clinical characteristics of the HIV(+)
AHCT-recipient cohort have been previously described (17). The
HIV(-) AHCT recipient cohort included subjects with multiple
myeloma that received myeloablative conditioning with either
140 or 200 mg/m2 melphalan enrolled in an observational
study (NCT00569309) investigating immune reconstitution in
patients that received pneumococcal polyvalent vaccine
intramuscularly once in weeks 9, 17, and 25 after AHCT. HIV
(-) ASCT recipients had no exposure to other malignancy-
directed treatments following AHCT, achieved an absolute
neutrophil count ≥1000/mL and an absolute platelet count ≥
75,000/mL by week 9 post-AHCT, and achieved CR in 44% of
patients and overall responses (OR) in of 94% of patients 60 days
post-AHCT. Blood samples from both ASCT recipient cohorts
were collected at days 56, 180 and 365 from HIV(+) and HIV(-)
AHCT recipients. One sample per individual volunteer was
collected for the HIV-negative healthy control cohort.

Global Comparison of Immune
Reconstitution in HIV(+) and HIV(-)
Patients Following AHCT
Immune reconstitution was analyzed by 5 color flow cytometry.
HIV(+) AHCT recipients were compared to controls across 100
immune cell populations. Representative flow cytometry data
showing an evolution of reconstitution of T lymphocyte subsets
from an individual HIV(+) patient, compared to a healthy control
subject, is shown in Figure 1. At all time points, the HIV(+) AHCT
recipients had a higher proportion of activated CD3+/HLA-DR+
T cells (Figure 1A), and lower proportions of naïve CD4+/
CD45RA+ T cells (Figure 1B) and memory CD4+/CD45RO+ T
cells (Figure 1C). Comparisons of median absolute cell numbers
demonstrated appreciable differences between subject cohorts.
HIV(+) AHCT recipients showed higher absolute median
activated T cells (CD3+/HLA-DR+, p-value <0.0001 at all time
points), lower naïve CD4+ T cells (CD4+/CD45RA+, p-value
<0.0001 at all time points) and higher memory cytotoxic T cells
(CD8+/CD45RA-, p-value <0.0001 at all time points) following
AHCT, compared to healthy controls (Figure 2A). Additional
immune populations demonstrating significant differences in HIV
(+) ASCT recipients compared to healthy controls are shown in
Table S1. Principal component analysis (PCA) comparison of HIV
(+) AHCT recipients and healthy controls across 100 immune cell
populations showed that cohort and control immune
characteristics approached each other over time, but did not
overlap by Days 180 or 365 (Figure 3B).

Significant differences were similarly identified in a three-way
comparison of median absolute immune cell numbers in HIV(+)
AHCT recipients, HIV(-) AHCT recipients and healthy controls.
This comparison was performed across 18 immune cell
populations. The median absolute number of late-activated T
cells (CD3+/HLA-DR+CD134+/CD69-) was significantly higher
in HIV(-) AHCT recipients compared to both HIV(+) AHCT
September 2021 | Volume 12 | Article 700045
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recipients and healthy controls on Days 56 and 180 post-
transplant (Figure 2B and Table S2). Significant differences
between the HIV(-) AHCT recipient and healthy control
cohorts resolved by Day 365, but the difference between HIV
(+) AHCT recipients and HIV(-) AHCT recipients remained
significant on Day 365, indicating that these subject cohorts
diverged in reconstitution of this lymphocyte population.
Median absolute numbers of activated NK cells (CD3-/CD56+/
CD16+/CD314+) were significantly lower in HIV(+) AHCT
recipients compared with HIV(-) AHCT recipients and healthy
controls on Day 56 post-transplant, while the numbers in HIV(-)
AHCT recipients significantly exceeded those in HIV(+) AHCT
recipients and healthy controls (Figure 2B). Significant
differences between the HIV(-) AHCT recipient and healthy
control cohort resolved by Day 180, but the differences between
Frontiers in Immunology | www.frontiersin.org 5
HIV(-) and HIV(+) AHCT recipients, and HIV(+) AHCT
recipients and healthy controls persisted throughout the post-
transplant year. Similarly, NK cells expressing the degranulation
marker (CD3-/CD56+/CD16+/CD107a/b+) were significantly
higher in HIV(-) AHCT recipients compared to healthy
controls on days 56 and 180 post-transplant, and remained
significantly higher than in HIV(+) AHCT recipients
throughout the post-transplant year (Figure 2B). Please see
Tables S1 and S2 for individual p-values for the significantly
different comparisons. These data illustrate that differences
between the HIV(+) AHCT recipient, HIV(-) AHCT recipient
and healthy control cohorts diminished over time but remained
appreciable throughout the post-AHCT year.

PCA analysis comparing reconstitution of percent prevalence
of 18 immune cell subsets showed that HIV(+) and HIV(-)
TABLE 1 | Demographic characteristics of the patient cohorts.

Characteristic HIV(+) AHCT recipients, n (%) HIV(-) AHCT recipients, n (%) Healthy controls, n (%)

N 37 30 71
HIV status
HIV(+) 37 0 0
HIV(-) 0 30 71

Disease
Multiple myeloma 0 30 (100) 0
Hodgkin’s lymphoma 14 (38) 0 0
Diffuse large B cell lymphoma 14 (38) 0 0
Burkitt’s lymphoma 7 (19) 0 0
Plasmablastic lymphoma 2 (5) 0 0

Age
mean (SD) 48 (9) 51.4 (11) 42 (11.7)
median (min – max) 46 (22-62) 52.5 (18-71) 49 (21-68)

Gender
Male 32 (86%) 17 (57) 21 (30%)
Female 5 (14%) 13 (43) 49 (70%)

Race/Ethnicity
Black 8 (22) 4 (13) 5 (7%)
White 26 (70) 26 (87) 65 (91%)
Other 3 (8) 0 1 (1%)

Conditioning chemotherapy
BEAM 37 (100) 0 NA
melphalan 140 mg/m2 0 5 (17) NA
melphalan 200 mg/m2 0 25 (83) NA

Cell dose (CD34, 106/kg)
mean (SD) 4.7 (2.6) 5.0 (2) NA
median (min – max) 4 (1.6-11.0) 4.7 (2.0-13) NA

Best overall response pre-transplant
CR 30 (81) 5 (17) NA
PR 5 (14) NA NA
RD or PD 2 (5) NA NA
VGPR NA 12 (40) NA
PR/MR/SD NA 12 (40) NA
NA 0 1 (3.3) NA

Prior lymphoma therapies
1 induction regimen 37 (100) NA NA
0 salvage regimens 4 (11) NA NA
1 salvage regimen 27 (73) NA NA
2 salvage regimens 5 (14) NA NA
unknown salvage 1 (2) NA NA

Prior myeloma therapies (excluding radiation)
1 MM regimen NA 20 (67) NA
2 MM regimens NA 6 (20.0) NA
3-5 MM regimens NA 4 (13) NA
September 2021 | Vo
CR, complete response; PR, partial response; RD, relapsed disease; PD, progressive disease; MM, multiple myeloma; SD, standard deviation; NA, not applicable.
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AHCT recipients clustered away from healthy controls and away
from each other at Day 56 (Figure 3A). HIV(+) and HIV(-)
immune features approached each other and healthy controls by
Day 365. Both HIV(+) and HIV(-) AHCT recipient immune
characteristics partially overlapped with those of healthy
controls, but remained distinct from each other at 1 year
post-transplant.

Taken together, these results demonstrate that both HIV(+)
and HIV(-) AHCT recipient immune reconstitution approached
healthy controls and each other over time, but retained appreciable
global differences throughout the 1 year post-AHCT period.

Differences in Specific Immune Cell
Subsets in HIV(+) AHCT Recipients and
Healthy Controls
Distributions of absolute numbers of 100 specific immune cell
subsets in HIV(+) AHCT recipients and healthy controls were
compared by Wilcoxon rank sum test at each post-AHCT time
point. Table 2 shows broad categories of immune cell subsets
under study. Table S1 shows results summarizing the differences
in specific subsets within each broad category in HIV(+) AHCT
recipients and healthy controls (100 subsets).
Frontiers in Immunology | www.frontiersin.org 6
To summarize, multiple subsets of total T lymphocytes, T
helper and cytotoxic T cells, naïve and memory T cells, NK cells
and B cells showed significant differences between the two cohorts
(p<0.0033). At 1 year post-AHCT, HIV(+) AHCT recipients
showed higher absolute numbers of activated CD3+ T cells
expressing activation markers HLA-DR with or without CD69;
higher numbers of CD8+ cytotoxic T cell subsets; higher numbers
central memory and effector memory lymphocytes CD27-/
CD45RO+; and higher numbers of CD45RA+ /CD45RO+
double positive cells that may represent a transitional population
between naïve and memory T lymphocytes (Table S1). HIV(+)
AHCT recipients showed significantly lower absolute numbers of
CD3+ T cells expressing the activation marker CD134; lower
numbers of CD4+ T helper cell subsets; and lower numbers naïve
T cells and the memory cell subset CD29-/CD45RO+ at 1 years
post-AHCT.

HIV(+) AHCT recipients also showed lower absolute
numbers of activated CD19+/CD80+ B cells and lower
numbers of CD3-/CD56+ NK cell subsets (Table S1). NK cell
subsets that were significantly lower in HIV(+) AHCT recipients
compared to healthy controls at 1 year post-AHCT included
cytotoxic NK cells expressing the inhibitory C-type lectin
A

B

C

FIGURE 1 | Example flow cytometry comparison between HIV(+) AHCT recipient and control. (A) Percentage of CD3+ lymphocytes expressing the activation
marker HLA-DR in healthy control and HIV(+) AHCT recipient on days 56, 180 and 365 post-transplant. (B) Percentage of CD4+ lymphocytes expressing the naïve
cell marker CD45RA in healthy control and HIV(+) AHCT recipient on days 56, 180 and 365 post-transplant. (C) Percentage of CD4+ lymphocytes expressing the
memory cell marker CD45RO in healthy control and HIV(+) AHCT recipient on days 56, 180 and 365 post-transplant.
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A

B

FIGURE 2 | Representative plots of median absolute cell numbers determined to be significant by the Wilcoxon-rank sum test. (A) Comparison between HIV(+)
AHCT recipients and healthy controls at days 56, 180 and 365 post-transplant; horizontal lines with *** indicate comparisons with p < 0.0007. (B) Comparison of HIV
(+) and HIV(-) immune features to healthy controls at days 56, 180 and 365 post-transplant; horizontal lines with **** indicate comparisons with p < 0.002.
A B

FIGURE 3 | Results of the principal component analysis by visits at day 56, 180 and 365. (A) HIV(+) AHCT recipient, HIV(-) AHCT recipient and healthy control
lymphocyte populations were compared across 18 immune marker combinations at days 56, 180 and 365 post-transplant. (B) HIV(+) and healthy control
lymphocyte populations were compared across 100 immune marker combinations at days 56, 180 and 365 post-transplant.
Frontiers in Immunology | www.frontiersin.org September 2021 | Volume 12 | Article 7000457

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Shindiapina et al. HIV and Post-Transplant Immune Reconstitution
receptor NKG2A (CD3-/CD56+/CD16+/CD159a+); regulatory
NK cells expressing the lysosomal-associated membrane protein
3 (CD63, also known as LAMP-3) that is a marker of exocytosis
(CD3-/CD56+/CD16-/CD63+); cytotoxic NK cell subsets
expressing the activating C-type lectin receptor NKG2D
(CD314) with or without CD63(CD3-/CD56+/CD16+/CD314+
and CD3-/CD56+/CD16+/CD63+/CD314+); and mature
cytotoxic NK cells lacking the differentiation marker CD117
(CD16+/CD56+/CD3-/CD117-). Activated regulatory NK cells
(CD3-/CD56+/CD16-/CD314+) represented the only NK cell
subset that was elevated in the HIV(+) AHCT recipient cohort
compared to healthy controls at 1 year.

Clinical outcomes in the HIV(+) AHCT recipients that
underwent transplantation on BMT CTN 0803/AMC 071 have
been previously reported, with 22 of 40 (55%) AHCT recipients
experiencing at least 1 infectious episode, and 9 of 40 patients
(22.5%) experiencing severe grade 3-5 adverse events post-
transplant (17). There were no significant differences identified
during a Wilcoxon rank sum test comparison with the Kruskal-
Wallis test with false discovery rate (FDR) correction of the
absolute cell numbers and reconstitution kinetics between HIV
(+) ASCT recipients that experienced infectious adverse events
were compared to the HIV(+) subjects that remained infection-
free post-transplant (not shown). Similarly, no significant
differences were identified when HIV(+) with significant
adverse events were compared to those without grade 3-5
adverse events (not shown).
Frontiers in Immunology | www.frontiersin.org 8
We implemented an independent, unsupervised random
sampling analysis using absolute immune cell numbers to
identify the cellular subsets that had the most definitive impact
on the difference between HIV(+) AHCT recipient and healthy
control lymphocyte populations. The importance of each
immune marker combination was defined as its contribution
to the similarity between a given HIV(+) AHCT recipient
lymphocyte features and the set of healthy control lymphocyte
features in a large number of random sampling comparisons
(21). To validate this approach for our subject cohorts, we used it
to compare the lymphocyte composition of HIV(+) AHCT
recipients to healthy controls (Figure 4A). A circularized
dendrogram shows the results of the analysis of HIV(+) AHCT
recipients (all time points) and healthy controls, where the
spatial separation between individual patient and control cases
is proportional to the degree of difference between HIV(+)
AHCT recipients and healthy control lymphocytes. The
dendrogram shows that HIV(+) AHCT recipients segregated
away from 70 of 71 healthy control lymphocyte compositions,
consistent with the results of the PCA analyses. To further refine
these results and reduce false positives, we quantified the impact
of a single lymphocyte populations in the context of various
immune marker combinations on the difference between the
HIV(+) AHCT recipient and healthy control lymphocytes. To
this aim, we used an approach described by Pietrzak and co-
authors and calculated a feature importance score (FIS) for each
cell type (21). Subsequently, the FDR correction was used to
identify 17 immune marker combinations with FIS values that
were significantly greater than zero for the comparison between
HIV(+) AHCT recipient and healthy control cohorts. A violin
plot showing the magnitude of the impact of individual immune
cell subsets on the difference of HIV(+) AHCT recipient
lymphocytes from healthy controls is shown in Figure 4B.
Functions of each immune cell subset identified as having
significantly different FIS values are shown in Table 2.

Multiple T cell subsets (Figure 4B) were identified as
significantly different between HIV(+) AHCT recipients and
healthy controls by FIS values: T cells expressing markers of
activation (CD3+/DLA-DR+ and CD3+/HLA-DR+/CD69+/
CD134-); naïve CD4+ T helper cells (CD4+/CD45RA+ and
CD4+/CD45RO-), CD4+/CD27+ T helper cells that could belong
to the naïve or memory cell compartments; CD4+ T helper cells
lacking the beta integrin CD29; CD4+ effector T cells (CD4+/
CD27-) and CD4+ T helper cells expressing the IL-7 receptor
CD127 that may belong to the naïve, central memory or effector
memory compartments. Subsets of cytotoxic CD8+ T cells were
also identified, including total CD8+ T cells; activated CD8+/CD25
cytotoxic T cells; memory cytotoxic T cells (CD8+/CD45RO+,
CD8+/CD45RA-, CD8+/CD45RO+/CD29+ and CD8+/CD45RA-/
CD29+); as well as cytotoxic effector T cells (CD8+/CD127-
and CD8+/CD27-). Overall, activated T cells, cytotoxic T cells,
T helper cells, naïve and memory T cell subsets appear to be the
most impactful drivers of the global differences between the
HIV(+) AHCT recipient and healthy control lymphocytes.

Furthermore, analysis of similarity of individual HIV(+) AHCT
recipients to the compound healthy control lymphocyte features,
TABLE 2 | Immune marker combinations and corresponding function of cellular
subsets that were identified as significantly contributing to the differences
between case and control lymphocyte populations by the FIS analysis.

Immune marker
combination

Function

CD3+/HLA-DR+ Activated T cells that express
the late activation marker HLA-DR

CD3+/HLA-DR+/CD69+/
CD134-

Activated T cells that express the early activation
marker CD69 and late activation marker HLA-DR
and lack activation marker CD134

CD4+/CD45RA+ Naïve T helper cells
CD4+/CD45RO+ Memory T helper cells
CD4+/CD27+ Naïve and memory T helper cells
CD8+/CD45RA- Memory cytotoxic T cells
CD8+/CD45RO+ Memory cytotoxic T cells
CD8+/CD27- Effector cytotoxic T cells
CD27-/CD45RO+ Central memory and effector memory lymphocytes
CD4+/CD29- T helper cell subset that lack beta(1) integrin CD29
CD8+/CD45RA-/CD29+ Memory cytotoxic T cells
CD8+/CD45RO+/CD29+ Memory cytotoxic T cells
CD8+/CD29+ Memory cytotoxic T cells
CD4+/CD127+ Naïve, central memory and effector memory

T helper cells
CD8+/CD25- Cytotoxic T cell subset that lacks

the intermediate activation marker CD25
Total CD8+ Total cytotoxic T cells
CD8+/CD127- Effector cytotoxic T cells
CD3-/CD56+/CD16+/
CD107a/b+

Cytotoxic NK cells expressing marker of
degranulation

CD3-/CD56+/CD16+/
CD134+

Cytotoxic NK cells expressing marker of
stimulation
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where distance between the sets of immune characteristics was
defined as [1 - I-index], showed that lymphocyte characteristics of
individual HIV(+) patients approached healthy controls over time,
but never overlapped (Figures 4C and S2).

Median absolute cell numbers of HIV(+) AHCT recipients
and healthy controls were compared by FIS analysis across 100
immune marker combinations at each time point following
AHCT. Immune cell populations that imposed significant
impact on the differences between HIV(+) AHCT recipients
and controls are shown as violin plots for each time point
(Figures 5A–C). Functions of cell subset are listed in Table 2.

Proportions and absolute numbers of each immune cell
subset identified as significant by the FIS analysis were
compared by Wilcoxon rank sum test with FDR correction.
Heat maps representing the ratios of HIV(+) AHCT recipient
median absolute cell numbers to healthy controls are displayed
in Figure 6. Fold change shown within each square of the heat
maps. Similarly, the ratios of median cell proportions are shown
in supplemental Figure S3.
Frontiers in Immunology | www.frontiersin.org 9
All marker combinations that were identified as significant by
FIS analysis showed significant differences in comparisons of
median absolute cell numbers and median cell proportions
(p<0.0033). For each immune cell subset, fold change of both the
median total cell numbers and median cell proportions was either
stable or diminished over time, indicating increasing similarity
between HIV(+) AHCT recipients and healthy controls during the
post-transplant year. However, significant differences remained, as
shown by the heat maps in Figures 6 and S3. HIV(+) AHCT
recipients had greater absolute numbers and higher proportions of
total activated T cells (CD3+/DLA-DR+ and CD3+/HLA-DR+/
CD69+/CD134-); higher total central and effector memory cells
(CD27-/CD45RO+); higher total cytotoxic CD8+ T cells; higher
memory cytotoxic T cells (CD8+/CD45RO+, CD8+/CD45RA-,
CD8+/CD45RO+/CD29+ and CD8+/CD45RA-/CD29+); and
higher cytotoxic effector T cells (CD8+/CD127- and CD8+/
CD27-). CD4+ T helper cell subsets including naïve cells positive
for CD45RA or CD127, or lacking CD45RO, as well as CD29-
negative T helper cells, were lower in absolute numbers and
A B

C

FIGURE 4 | (A) Circularized dendrogram shows results of the I-index analysis of HIV(+) AHCT recipients (all visits) and controls: distance between individual cases is
proportional to the degree of difference between patient and control lymphocyte populations. (B) Violin plot shows the impact of specific immune subsets on the
degree of difference between HIV(+) (all visits) and control cohorts. Immune cell subsets with significant FIS are shown. (C) Evolution of the distance of randomly
selected HIV(+) ASCT recipients’ lymphocyte populations (red line) to a set of compound control lymphocyte populations (blue line), where distance from control is
defined as 1 - I-index.
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proportions in HIV(+) AHCT recipients. These findings suggest
that HIV(+) AHCT recipients reconstitute as pro-inflammatory
immune phenotypes, that are similar to cancer-free HIV(+)
subjects on cART.

Differences Between Specific Immune Cell
Subsets in HIV(+) AHCT Recipients, HIV(-)
AHCT Recipients and Healthy Controls
FIS analysis was applied to compare HIV(+) and HIV(-) AHCT
recipient and healthy control cohorts across 18 immune cell
Frontiers in Immunology | www.frontiersin.org 10
populations at each time point (Figures 7A–C). Application of
the analytic technique across a smaller total number of immune
marker combinations increased the stringency of the analysis,
which likely contributed to a smaller number of immune cell
subsets that demonstrated a significant impact on the difference
between cohort lymphocytes. Comparison of HIV(+) AHCT
recipients and healthy controls revealed the significance of
activated cytotoxic NK cells (CD3-/CD56+/CD16+/CD134+) at
all time points (Figure 7), with absolute numbers significantly
lower in HIV(+) AHCT recipients compared to HIV(-) AHCT
FIGURE 6 | Heat map illustrates the fold difference between the absolute median number of immune cells in HIV(+) patients compared to controls, determined by
Wilcoxon rank-sum test (p < 0.033).
A B C

FIGURE 5 | Violin plot shows the impact of specific immune subsets on the degree of difference between HIV(+) and control cohorts at days 56 (A), 180 (B) and
365 (C) post-transplant.
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recipients and to healthy controls as determined by Wicoxon
rank sum test (Figure 8 and Table S2). Degranulating cytotoxic
NK cells (CD3-/CD56+/CD16+/CD107a/b+) were also
significant in the FIS analysis as defining the differences
between HIV(+) AHCT recipients and healthy controls at
Days 56 and 180 post-AHCT (Figure 7). Absolute numbers of
CD3-/CD56+/CD16+/CD107a/b+ cells were significantly lower
in HIV(+) AHCT recipients compared to HIV(-) AHCT
recipients at all time points by Wilcoxon rank sum test
(Figure 8 and Table S2), but no significant difference was
found between HIV(+) AHCT recipients and healthy controls.
Comparison of HIV(-) AHCT recipients and healthy controls
also showed degranulating cytotoxic NK cells (CD3-/CD56+/
CD16+/CD107a/b+) at Day 56 post-AHCT but not at
subsequent time points, suggesting that innate immunity
reconstitutes differently in HIV(+) and HIV(-) AHCT
recipients. Absolute numbers were higher in HIV(-) AHCT
recipients than in healthy controls on Days 56 and 180 by
Wilcoxon rank sum test (Figure 8 and Table S2), but
significant differences resolved by Day 365 post-transplant.
Furthermore, HIV(+) but not HIV(-) AHCT recipients showed
cytotoxic T cells (CD8+/CD25-) as significant when compared to
healthy controls at Day 365 post-AHCT. These findings
Frontiers in Immunology | www.frontiersin.org 11
reinforce our observation of the significant impact of HIV
status on post-transplant cellular immune reconstitution: both
HIV(+) and HIV(-) patients approach healthy controls over
time, but significant differences between innate immune cells in
the HIV(+) cohort and healthy control persist at 1 year post-
HSCT. HIV(+) subjects demonstrate incomplete reconstitution
of the activated and degranulating NK cell compartments as
significantly different from healthy controls in the FIS analysis.

Independently of the FIS analysis, comparisons of HIV(+)
AHCT recipients, HIV(-) AHCT recipients and healthy controls
by Wilcoxon rank sum test with FDG correction identified
multiple differences in the T, NK and B cell subsets, as
summarized below (p<0.006, Figure 8 and Table S2).

NK Cell Subsets: Multiple significant differences between
absolute numbers of NK cell subsets were noted, as described
below (p<0.006, Figure 8 and Table S2). Absolute numbers of
cytotoxic NK cells (CD3-/CD56+/CD16+) were significantly
lower in HIV(+) AHCT recipients compared to healthy
controls on Day 180. Absolute number of activated cytotoxic
NK cells CD3-/CD56+/CD16+/CD134+ were lower in HIV(+)
AHCT recipients compared to healthy controls and to HIV(-)
AHCT recipients at all time points. HIV(-) AHCT recipients had
a higher number of these cells compared to healthy controls at
A B C

FIGURE 7 | Violin plot shows the impact of specific immune subsets on the degree of difference between HIV(+), HIV(-) and control cohorts at days 56 (A), 180 (B)
and 365 (C) post-transplant.
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Day 56, but subsequently became similar to HC. Cytotoxic,
degranulating NK cells (CD3-/CD56+/CD16+/CD107a/b+)
were virtually undetectable in healthy controls and HIV(+)
AHCT recipients, but detectable and significantly elevated in
HIV(-) AHCT recipients compared to other cohorts on Days 56
and 180, although absolute numbers were low (Table S2).
Furthermore, NK cells expressing the NKG2A inhibitory
receptor (CD16+/CD56+/CD159a+) were lower in HIV(+)
patients compared to healthy controls on Days 180 and 365,
and higher in HIV(-) AHCT patients compared to healthy
controls on Day 56 only. By Day 365, all NK cell subsets in
HIV(-) AHCT recipients were not significantly different from
those of healthy controls, while significant differences persisted
in 2 NK cell subsets: CD3-/CD16+/CD56+/CD159a+ cells were
lower in HIV(+) AHCT recipients compared to healthy controls,
and CD3-/CD56+/CD16+/CD314+ cells that lower in HIV(+)
AHCT recipients compared to HIV(-) AHCT recipients and
healthy controls (Figure 8 and Table S2). These findings indicate
significant differences in the reconstitution of the NK cell
compartment throughout the post-AHCT year in HIV(+)
compared to HIV(-) AHCT recipients.

T Lymphocyte Subsets: At the initial post-AHCT time point
(Day 56), both HIV(+) and HIV(-) AHCT recipients had higher
absolute numbers of activated T cells (CD3+/HLA-DR+)
compared to healthy controls (p<0.006, Figure 6B and Table
S2). Significant differences in the CD3+/HLA-DR+ cell subset
Frontiers in Immunology | www.frontiersin.org 12
between HIV(-) AHCT recipients and healthy controls were no
longer present on Day 180 and 365. Significant differences in
absolute numbers of CD3+/HLA-DR+ between HIV(+) AHCT
recipients and healthy controls persisted throughout the post-
AHCT year. Furthermore, CD3+/HLA-DR+ cells remained
significantly higher in HIV(+) AHCT recipients than in HIV
(-) AHCT recipients at 56 and 180 days post-AHCT. A similar
trend was observed in the absolute numbers of activated
CD3+/CD86+ T cells. However, T cells expressing the late
activation marker CD134 (CD3+/CD134+) were lower in HIV
(+) patients. Activated T cells CD3+/CD134+/CD69-/HLA-DR+
were higher in HIV(-) patients than healthy controls at Day 56
and 180, but the difference resolved by Day 365; differences in
this subset between HIV(+) patients and healthy controls were
not significant. These findings are consistent with the features of
increased T cell activation observed in individuals with chronic
HIV infection controlled by cART, although the numbers of
activated T cells decrease with initiation of antiviral therapy, and
in individuals with undetectable HIV viral load without cART
(22, 23). Our findings, in concert with previous reports, indicate
that significant immune dysregulation persists in the HIV(+)
setting despite undetectable viral load. Activated cytotoxic T cells
(CD8+/CD25+) were elevated in HIV(-) patients compared to
HIV(+) patients and healthy controls across all time points, but
differences between HIV(+) and healthy controls were not
significant. Overall, at Day 356, only CD8+/CD25+ activated
FIGURE 8 | Heat map illustrates the fold difference between the absolute median number of immune cells in HIV(+) and HIV(-) patients and controls, determined by
Wilcoxon rank-sum test (p < 0.006), while blank cells represent a lack of significant difference.
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cytotoxic T cells were different in HIV(-) patients compared to
healthy controls, while differences remained significant across 5
subsets (activated T cells CD3+/CD134+, CD3+/HLA-DR+ and
CD3+/CD314+, cytotoxic T cells CD8+/CD25- and effector
memory T cells CD3+/CD86+) in HIV(+) patients compared
to healthy controls. These results indicate appreciable differences
in the T cell subset reconstitution in HIV(+) and HIV(-) AHCT
recipients, with an emphasis on pro-inflammatory cell
phenotypes present in the HIV(+) cohort.

B Lymphocyte Subsets: Activated B cells (CD19+/CD80+)
were lower in HIV(+) AHCT recipients compared with healthy
controls and with HIV(-) AHCT recipients at all time points
(p<0.006, Figure 6B and Table S2). A comparable pattern was
observed in activated B cells marked by CD19+/CD86+,
although differences between all cohorts resolved by Day 365.
In the HIV(-) cohort, activated B cells were not significantly
different from healthy controls at all time points. We
hypothesized that the reduction in B cells that was observed in
HIV(+) AHCT recipients might have been attributed to B cell
depleting therapy with agents such as rituximab that the HIV(+)
patients may have received pre-AHCT for treatment of HIV-
associated lymphoma, which would not have been administered
to the HIV(-) AHCT recipient patient cohort that received
treatment for multiple myeloma. Given the discordance
between the two AHCT recipient cohorts, we performed an
independent comparison of a sub-cohort consisting of HIV(+)
patients that had Hodgkin lymphoma, and would not have been
exposed to B cell depleting agents, to the HIV(-) AHCT cohort.
Remarkably, the differences in activated B cells (CD19+/CD80+
and CD18+/CD86+) persisted when 14 HIV(+) AHCT
recipients with Hodgkin lymphoma were compared directly to
HIV(-) AHCT recipients by Wilcoxon rank sum analysis
(p<0.0185, Table S3). These results indicate that decreased
absolute numbers of B cells may be secondary to chronic HIV
infection and not due to B cell-depleting treatment, which would
have been administered to the CD20+ B cell lymphoma patients
but not to the Hodgkin lymphoma patients. Furthermore, trends
in the reconstitution of the NK cell and T cell compartments in
the HIV(+) HL AHCT recipients mimicked those observed in
the entire HIV(+) cohort (Table S3).

Overall, our findings showed that innate and adaptive cellular
immune reconstitution occur at different rates and along seprate
trajectories in HIV(+) AHCT recipients and in HIV(-) AHCT
recipients. Factors including chronic, albeit controlled HIV
infection, use of cART, different modes of pre-transplant
myeloablative chemotherapy conditioning (BEAM in the HIV
(+) cohort and melphalan in the HIV(-) cohort) and different
hematologic malignancy history may contribute toward the
differences that we observed. A detailed assessment of
phenotypic and functional NK cell subset reconstitution in
HIV(-) AHCT recipients after BEAM conditioning has not
been previously performed. Further studies of NK cell
populations in HIV(-) recipients of AHCT for treatment of
hematologic malignancies, and in HIV(+) individuals on cART
that have not undergone AHCT, are needed to distinguish
between these possible reasons.
Frontiers in Immunology | www.frontiersin.org 13
Functional T Cell Recovery in HIV(+)
Patients After AHCT
Functional immune recovery was evaluated by IFNgFELISpot
assay on PBMCs that were collected on Days 56, 180, and 360
post-AHCT and stimulated with pepmixes derived from the EBV
recall antigen BZLF1 or HIV recall antigen GAG. For positive
control, PBMCs were stimulated with CD3-directed
antibody (Figure 9).

Of 30 evaluated HIV(+) patients, 28 patients demonstrated
measurable IFNgFproduction in response to the HIV GAG
pepmix (spots/2x105 PBMC, range: 8-615), 21 showed
measurable response to the EBV BZLF1 pepmix (range 12-
450), and all patients demonstrated responsiveness to CD3-
directed stimulation.

An exemplary readout of the ELISpot assay is shown in
Figure 9A. Figure 9B shows baseline levels of IFNgFproduction
in healthy controls. Figure 9C shows average absolute recall
antigen responses in HIV(+) patients at each time point. HIV
(+) AHCT recipient responses are shown as vertical bars, while
horizontal lines of the corresponding colors represent aggregate
mean corresponding responses from healthy donors. To assess
the degree of specific T cell responsiveness to recall antigens in
relation to overall T cell activation, absolute response values to
recall antigens were normalized to overall T cell activation with
CD3-directed antibodies (Figure 9D). These results indicate a
positive functional recovery of adaptive T lymphocytes’ ability to
respond to TCR stimulation and to generate memory-specific
responses to viral recall antigens over time. HIV(+) patients
response to GAG, normalized to TCR stimulation, showed
higher IFNgFproduction as compared to PBMCs from HIV(-)
healthy volunteer controls on Days 56 and 180 (p-values 0.017
and 0.04, respectively) and higher but not significantly different at
Day 365 (p-value 0.22). There were no significant differences
between HIV(+) AHCT recipient and healthy control responses
to BZLF1 (p-values 0.55, 0.71 and 0.88 for comparisons at Days
56, 180 and 365).
DISCUSSION

We report a first in-depth, comprehensive flow cytometry-based
and functional comparison of immune reconstitution in HIV(+)
and HIV(-) recipients of autologous stem cell transplantation.
Within the first year following AHCT, we observed persistently
lower absolute numbers of CD4+ helper T cell subsets, higher
numbers of CD8+ T cell subsets and activated T cells, lower
numbers of activated B cells and lower numbers of subsets of
natural killer (NK) cell subsets expressing markers of activation
and inhibition in HIV(+) AHCT recipients, compared to HIV(-)
AHCT recipients and healthy controls. Remarkably, pro-
inflammatory immune features associated with chronic,
controlled HIV infection persisted in HIV(+) AHCT recipients
despite multiple rounds of chemo-immunotherapy that included
myeloablative chemotherapy. T lymphocytes from HIV(+)
patients responded robustly to recall antigen challenge with
September 2021 | Volume 12 | Article 700045
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HIV and Epstein-Barr virus (EBV) pepmixes. Overall, these
data indicate a trend toward an activation-prone state of the
adaptive immune cells in HIV(+) patients after AHCT that
is maintained despite undetectable HIV viral load in the
majority of patients, and despite response of their lymphoma
to myeloablative therapy. HIV(-) AHCT recipients, on the
other hand, demonstrated resolution of multiple features
of immune activation after the post-transplant year, and
acquired greater similarity to healthy controls. We conclude
that patients with HIV-related lymphoma reconstitute immune
features of chronic HIV infection post-transplant despite control
of viremia.

Limitations of our study include the lack of pre-transplant
immune profiling of our subjects and the lack of matching of the
HIV(+) and HIV(-) AHCT recipient cohorts by hematologic
malignancy and conditioning chemotherapy. These differences
may appear as potential confounders. We did not have access to
samples from HIV(-) AHCT recipients with aggressive
lymphoma. Furthermore, we have not been able to find
similarly extensive immune reconstitution studies of HIV(-)
Frontiers in Immunology | www.frontiersin.org 14
lymphoma patients in the literature, although studies
describing immune reconstitution with a lesser degree of detail
exist. This highlights the importance of ours and similar work
approaching in-depth immune reconstitution analyses of various
AHCT recipient populations. Publication of these studies would
enhance understanding of the impact of conditioning regimens
and inflammatory triggers on long term post-auto transplant
immune reconstitution, which, as we see from our study, can
follow diverse avenues over the post-transplant year.

Prior analysis of the kinetics of T, NK and B cell recovery in
HIV(+) and HIV(-) patients has shown that, while CD4+ T cell
recovery lagged by 3 months in HIV(+) patients, there was no
difference in the timing of recovery in CD8+ T cells, CD56+ NK
cell and CD19+ B cell (16). The study did not investigate
reconstitution of multiple immune cell subsets, such as
activated or degranulating T cell subsets. HIV(+) AHCT
recipients also showed similar dynamics of recovery of
thymopoiesis as HIV(-) counterparts, as measured by signal
joint T cell receptor excision circles (16). An overall higher
CD8+ T cell and an inverted ratio of CD4+ cells to CD8+ cells
A B

C D

FIGURE 9 | (A) Representative Elispot plate raw data. (B) Recall antigen responses in 5 healthy EBV+/HIV- donors. (C) Recall responses to GAG, BZLF, and anti
TCR post transplant. Green line = TCR mean response from healthy donors; Red line = BZLF1 mean responses from healthy controls; Black line = background GAG
responses from healthy controls. (D) Recall response ratios controlled for responsiveness to TCR stimulation with CD3-directed antibodies.
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in HIV(+) AHCT recipients was also noted in this study (16).
The return of the HIV (–) immune features to match healthy
controls is consistent with a previously published report
demonstrating recovery of NK cells in 3 months and T cells in
6 months after AHCT in HIV(-) patients (24).

Immune features that persisted in HIV(+) AHCT recipients
(distinct from HIV(-) AHCT and healthy controls) were
consistent with previously described activation-prone changes
observed in chronic HIV infection treated with cART (25–27).
Chronic, treated HIV infection is associated with immune
dysregulation, despite an effective control of viremia and
improvement in CD4 counts. Hallmarks of chronic HIV
infection include elevated CD8+ T cell counts and elevated
expression of activation markers such as HLA-DR (28, 29).
HIV(+) patients with chronic infection treated with cART
demonstrate lower absolute CD4+ and higher CD8+ T cell
counts, increased levels of immune activation as marked by
soluble CD14 level and increased percentages of CD38+/HLA-
DR+ expression in both CD4+ and CD8+ T cells, and higher
percentage of CD4+ T cells expressing markers of senescence,
compared to age-matched controls (30, 31). Depletion of naïve
CD4+ T cells in patients on long-term cART was also reported
(31, 32). We have observed many attributes seen in the T cell
compartment of patients with chronic, controlled HIV infection
in HIV(+) AHCT recipients. These included an increase in the
absolute numbers and proportions of activated T cell subsets,
increase in memory T cell subsets and a reduction in naïve T cell
subsets in HIV(+) AHCT recipients, compared to HIV(-)
counterparts and healthy controls. Interestingly, activated T
cells expressing CD134 turned out to be lower in HIV(+)
patients compared to HIV(-) patients and healthy controls.
CD134 is a marker of late T cell activation that has been
implicated in enhanced T cell proliferation, survival,
promotion of memory and effector T cell populations and
tumor-directed responses (33–38). CD134 was also reported to
enhance cytotoxic T cell responses to HIV, EBV and influenza
(39). Diminished CD134 expression in HIV(+) individuals is a
novel finding that, to our knowledge, has not been previously
reported. Diminished CD134 expression might imply difficulties
in mounting effective memory immune responses in HIV(+)
patients post-AHCT, and contribute to the immune features that
play a role in increased susceptibility of individuals with chronic,
controlled HIV infection to malignancies related to oncogenic
viral infections. Although we observed robust total T cell
responses to EBV in HIV(+) AHCT recipients by ELISpot,
further studies are warranted to investigate virus responsiveness
in specific sub-sets of cytotoxic and helper T cells.

We have observed no difference in total NK cell numbers
when comparing HIV(+) and HIV(-) AHCT recipients at 1 year
post-transplant and healthy controls. However, cytotoxic NK cell
populations bearing functional markers of activation and
inhibition were significantly reduced in the HIV(+) cohort,
while being increased or similar to control in the HIV(-)
AHCT recipient cohort. Subsets of interest included NK cells
expressing CD107a, NKG2A (up to Day 180), CD159a and
CD314 (throughout the post-transplant year). Interestingly,
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previously published studies have generally demonstrated
features of increased NK cell activation and impaired NK cell
function in viremic HIV(+) individuals, with partial restoration
of NK cell function upon initiation of cART and administration
of IL-2 treatment (40). A fall in the numbers of NK cell
expressing the inhibitory receptor NKG2A in viremic HIV(+)
patients, and restoration of expression in patients on cART, have
been reported (41). Numbers of regulatory CD56+/CD16+/- NK
cells were reported as unchanged in HIV(+) patients, both
treated and untreated with cART (42). Patients in our HIV(+)
AHCT recipient cohort were receiving cART throughout the
post-transplant period, except for a planned interruption of a
median 15.5 days around the time of AHCT, and by day 365,
82.6% of the patients had an undetectable HIV viral load (17).
Rapid NK cell reconstitution and restoration of absolute cell
numbers to the normal donor range has been reported in HIV(-)
recipients of AHCT for treatment of plasma cell myeloma (43).
A linear NK cell maturation model suggests that CD16+ NK
cell subsets represent mature NK cell phenotypes (44, 45). NK
cell maturation studies have shown that NK cells derived from
umbilical cord blood express less degranulation marker CD107a
and show less antibody-dependent cellular cytotoxicity,
compared to adult-derived NK cells (46). A greater fraction of
umbilical cord NK cells also expressed markers of immaturity,
such as CD159a (NKG2A) (46). Our observation of higher
numbers of CD3-/CD16+/CD56+/CD159a+ cells in HIV(-)
AHCT recipients at earlier post-transplant time points, and
lower numbers of activated and degranulating cytotoxic NK
cells in the HIV(+) AHCT recipient cohort throughout the
post-transplant year, suggest that NK cell maturation occurred
at different rates in the HIV(+) and HIV(-) AHCT recipients.
Innate immune cell subset maturation and/or response to
acute infection may be impaired in the HIV(+) AHCT
recipient cohort suggesting impaired NK cell reconstitution
and possibly impaired NK cell subset maturation follows
myeloablative chemotherapy and AHCT for treatment of
aggressive relapsed/refractory lymphoma in the presence of
controlled HIV infection.

Likewise, we observed diminished B lymphocyte recovery in
HIV(+) patients undergoing AHCT compared to HIV(-) AHCT
recipients and healthy control subjects. Reduced B cell
proliferative responses and increased B cell apoptosis have
been reported in individuals with HIV viremia (47, 48).
Reduced survival of memory B cells has also been reported in
patients with chronic, controlled HIV infection (49). Our data
describing reconstitution of B cell subsets in HIV(+) AHCT
appear to be consistent with observations in patients with
chronic HIV infection treated with cART. Importantly, the
activated B cell depletion seen in our HIV(+) cohort appeared
to be independent of these patients receiving rituximab, since
similar loss of B cells was seen in HIV(+) HL patients compared
to the HIV(-) AHCT cohort. Hypergammaglobulinemia has
been reported in HIV(+) individuals, and was reported to
correct with initiation of cART (50). This concept appears to
be consistent with our observation of reduced numbers of
activated circulating B cells in HIV(+) AHCT recipients,
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although data on circulating immunoglobulin levels were not
collected systematically in our patient cohorts.

We found that HIV(+) transplant recipients possess T cells
capable of producing INFg upon stimulation with EBV BZLF1-
derived peptides. Responses to BZLF1 pepmix and CD3-specific
antibodies were equivalent between HIV(+) AHCT recipients
and healthy controls at all time points. It has been previously
demonstrated that viral-specific T cell responses are initially
diminished after allogeneic stem cell or double cord blood
transplantation in HIV(-) patients (51–53). This is the first
study to our knowledge that describes the longitudinal viral
antigen-specific T cell activity among HIV(+) recipients of
autologous stem cell transplantation. The ability to maintain
active virus-specific memory responses likely contributed to the
low transplant-related mortality (5.2%) of HIV(+) AHCT
recipients, which was not significantly different from HIV(-)
historical controls (17).

In-depth flow-cytometry based analysis of immune recovery
showed that HIV(+) AHCT recipients demonstrate patterns of
lymphocyte profiling consistent with that seen in patients with
chronic HIV infection who are treated with cART. Our analysis
did not identify a correlation between infection rates and
immune reconstitution trends. Thus, when taken in the
context of positive clinical outcomes of HIV(+) patients
described by Alvarnas et al. (17), the distinct pro-inflammatory
features of immune reconstitution described here provide
justification for additional longitudinal studies in this unique
patient population.
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15. Balsalobre P, Dıéz-Martıń JL, Re A, Michieli M, Ribera JM, Canals C, et al.
Autologous Stem-Cell Transplantation in Patients With HIV-Related
Lymphoma. J Clin Oncol (2009) 27(13):2192–8. doi: 10.1200/JCO.2008.
18.2683

16. Simonelli C, Zanussi S, Pratesi C, Rupolo M, Talamini R, Caffau C, et al.
Immune Recovery After Autologous Stem Cell Transplantation Is Not
Different for HIV-Infected Versus HIV-Uninfected Patients With Relapsed
or Refractory Lymphoma. Clin Infect Dis (2010) 50(12):1672–9. doi: 10.1086/
652866
Frontiers in Immunology | www.frontiersin.org 17
17. Alvarnas JC, Le Rademacher J, Wang Y, Little RF, Akpek G, Ayala E, et al.
Autologous Hematopoietic Cell Transplantation for HIV-Related Lymphoma:
Results of the BMT CTN 0803/AMC 071 Trial. Blood (2016) 128(8):1050–8.
doi: 10.1182/blood-2015-08-664706

18. Re A, Gini G, Rupolo M, Levis A, Bandera A, Liberati AM, et al. Early
Consolidation With High-Dose Therapy and Autologous Stem Cell
Transplantation Is a Feasible and Effective Treatment Option in HIV-
Associated Non-Hodgkin Lymphoma at High Risk. Bone Marrow
Transplant (2017) 53:228. doi: 10.1038/bmt.2017.230

19. Vasu S, Geyer S, Bingman A, Auletta JJ, Jaglowski S, Elder P, et al. Granulocyte
Colony-Stimulating Factor–Mobilized Allografts Contain Activated Immune
Cell Subsets Associated With Risk of Acute and Chronic Graft-Versus-Host
Disease. Biol Blood Marrow Transplant (2016) 22(4):658–68. doi: 10.1016/
j.bbmt.2016.03.033

20. Rempala GA, Seweryn M. Methods for Diversity and Overlap Analysis in T-
Cell Receptor Populations. J Math Biol (2013) 67(6-7):1339–68. doi: 10.1007/
s00285-012-0589-7

21. PietrzakM, Lozanski G, Grever M, Andritsos L, Blachly J, Rogers K, et al. On the
Analysis of the Human Immunome Via an Information Theoretical Approach.
Int J Comput Biol Drug Des (2020) 13(5-6):555–81. doi: 10.1504/IJCBDD.
2020.113878

22. de Paula HHS, Ferreira ACG, Caetano DG, Delatorre E, Teixeira SLM, Coelho
LE, et al. Reduction of Inflammation and T Cell Activation After 6 Months of
cART Initiation During Acute, But Not in Early Chronic HIV-1 Infection.
Retrovirology (2018) 15(1):76. doi: 10.1186/s12977-018-0458-6

23. Hunt PW, Brenchley J, Sinclair E, McCune JM, Roland M, Page-Shafer K,
et al. Relationship Between T Cell Activation and CD4+ T Cell Count in HIV-
Seropositive Individuals With Undetectable Plasma HIV RNA Levels in the
Absence of Therapy. J Infect Dis (2008) 197(1):126–33. doi: 10.1086/524143

24. Akpek G, Lenz G, Lee SM, Sanchorawala V, Wright DG, Colarusso T, et al.
Immunologic Recovery After Autologous Blood Stem Cell Transplantation in
Patients With AL-Amyloidosis. Bone Marrow Transplant (2001) 28(12):1105–
9. doi: 10.1038/sj.bmt.1703298

25. Hunt PW, Lee SA, Siedner MJ. Immunologic Biomarkers, Morbidity, and
Mortality in Treated HIV Infection. J Infect Dis (2016) 214(Suppl 2):S44–50.
doi: 10.1093/infdis/jiw275

26. de Paula HHS, Ferreira ACG, Caetano DG, Delatorre E, Teixeira SLM, Coelho
LE, et al. Reduction of Inflammation and T Cell Activation After 6 Months of
cART Initiation During Acute, But Not in Early Chronic HIV-1 Infection.
Retrovirology (2018) 15(1):76. doi: 10.1186/s12977-018-0458-6

27. de Armas LR, Pallikkuth S, George V, Rinaldi S, Pahwa R, Arheart KL, et al.
Reevaluation of Immune Activation in the Era of cART and an Aging HIV-
infected Population. JCI Insight (2017) 2(20). doi: 10.1172/jci.insight.95726

28. Serrano-Villar S, Sainz T, Lee SA, Hunt PW, Sinclair E, Shacklett BL, et al.
HIV-Infected Individuals With Low CD4/CD8 Ratio Despite Effective
Antiretroviral Therapy Exhibit Altered T Cell Subsets, Heightened CD8+ T
Cell Activation, and Increased Risk of Non-AIDS Morbidity and Mortality.
PloS Pathog (2014) 10(5):e1004078–e. doi: 10.1371/journal.ppat.1004078

29. de Armas LR, Pallikkuth S, George V, Rinaldi S, Pahwa R, Arheart KL, et al.
Reevaluation of Immune Activation in the Era of cART and an Aging HIV-
Infected Population. JCI Insight (2017) 2(20):e95726. doi: 10.1172/
jci.insight.95726

30. Group AS. T-Cell Activation Independently Associates With Immune
Senescence in HIV-Infected Recipients of Long-Term Antiretroviral
Treatment. J Infect Dis (2016) 214(2):216–25. doi: 10.1093/infdis/jiw146

31. Steiner K, Waase I, Rau T, Dietrich M, Fleischer B, Bröker BM. Enhanced
Expression of CTLA-4 (CD152) on CD4+ T Cells in HIV Infection. Clin Exp
Immunol (1999) 115(3):451–7. doi: 10.1046/j.1365-2249.1999.00806.x

32. Fernandez S, Price P, McKinnon EJ, Nolan RC, FrenchMA. Low CD4+ T-Cell
Counts in HIV Patients Receiving Effective Antiretroviral Therapy Are
Associated With CD4+ T-Cell Activation and Senescence But Not With
Lower Effector Memory T-Cell Function. Clin Immunol (2006) 120(2):163–
70. doi: 10.1016/j.clim.2006.04.570

33. Huddleston CA, Weinberg AD, Parker DC. OX40 (CD134) Engagement
Drives Differentiationof CD4+ T Cells to Effector Cells. Eur J Immunol (2006)
36(5):1093–103. doi: 10.1002/eji.200535637

34. Lathrop SK, Huddleston CA, Dullforce PA, Montfort MJ, Weinberg AD,
Parker DC. A Signal Through OX40 (CD134) Allows Anergic, Autoreactive T
September 2021 | Volume 12 | Article 700045

https://doi.org/10.1111/bjh.12020
https://doi.org/10.1097/QAD.0b013e3283301578
https://doi.org/10.1182/blood.V122.21.639.639
https://doi.org/10.1056/NEJMoa1308392
https://doi.org/10.1182/blood-2015-01-623900
https://doi.org/10.1182/blood-2015-01-623900
https://doi.org/10.1002/cncr.26723
https://doi.org/10.1182/blood-2009-08-231613
https://doi.org/10.1200/JCO.2011.41.4193
https://doi.org/10.1016/j.clml.2018.01.004
https://doi.org/10.1097/QAD.0000000000001729
https://doi.org/10.3324/haematol.2017.180893
https://doi.org/10.3324/%25x
https://doi.org/10.1182/blood-2004-04-1532
https://doi.org/10.1182/blood-2004-04-1532
https://doi.org/10.1182/blood.V108.11.491.491
https://doi.org/10.1200/JCO.2008.18.2683
https://doi.org/10.1200/JCO.2008.18.2683
https://doi.org/10.1086/652866
https://doi.org/10.1086/652866
https://doi.org/10.1182/blood-2015-08-664706
https://doi.org/10.1038/bmt.2017.230
https://doi.org/10.1016/j.bbmt.2016.03.033
https://doi.org/10.1016/j.bbmt.2016.03.033
https://doi.org/10.1007/s00285-012-0589-7
https://doi.org/10.1007/s00285-012-0589-7
https://doi.org/10.1504/IJCBDD.2020.113878
https://doi.org/10.1504/IJCBDD.2020.113878
https://doi.org/10.1186/s12977-018-0458-6
https://doi.org/10.1086/524143
https://doi.org/10.1038/sj.bmt.1703298
https://doi.org/10.1093/infdis/jiw275
https://doi.org/10.1186/s12977-018-0458-6
https://doi.org/10.1172/jci.insight.95726
https://doi.org/10.1371/journal.ppat.1004078
https://doi.org/10.1172/jci.insight.95726
https://doi.org/10.1172/jci.insight.95726
https://doi.org/10.1093/infdis/jiw146
https://doi.org/10.1046/j.1365-2249.1999.00806.x
https://doi.org/10.1016/j.clim.2006.04.570
https://doi.org/10.1002/eji.200535637
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Shindiapina et al. HIV and Post-Transplant Immune Reconstitution
Cells to Acquire Effector Cell Functions. J Immunol (2004) 172(11):6735. doi:
10.4049/jimmunol.172.11.6735

35. Redmond WL, Gough MJ, Charbonneau B, Ratliff TL, Weinberg AD. Defects
in the Acquisition of CD8 T Cell Effector Function After PrimingWith Tumor
or Soluble Antigen Can be Overcome by the Addition of an OX40 Agonist.
J Immunol (2007) 179(11):7244. doi: 10.4049/jimmunol.179.11.7244

36. Song A, Tang X, Harms KM, Croft M. OX40 and Bcl-xL Promote the
Persistence of CD8 T Cells to Recall Tumor-Associated Antigen. J Immunol
(2005) 175(6):3534. doi: 10.4049/jimmunol.175.6.3534

37. Song J, So T, Cheng M, Tang X, Croft M. Sustained Survivin Expression From
OX40 Costimulatory Signals Drives T Cell Clonal Expansion. Immunity
(2005) 22(5):621–31. doi: 10.1016/j.immuni.2005.03.012

38. Song J, So T, Croft M. Activation of NF-kB1 by OX40 Contributes to Antigen-
Driven T Cell Expansion and Survival. J Immunol (2008) 180(11):7240–8. doi:
10.4049/jimmunol.180.11.7240

39. Serghides L, Bukczynski J, Wen T, Wang C, Routy J-P, Boulassel M-R, et al.
Evaluation of OX40 Ligand as a Costimulator of Human Antiviral Memory
CD8 T Cell Responses: Comparison With B7.1 and 4-1BBL. J Immunol (2005)
175(10):6368. doi: 10.4049/jimmunol.175.10.6368

40. Kuylenstierna C, Snyder-Cappione JE, Loo CP, Long BR, Gonzalez VD,
Michaëlsson J, et al. NK Cells and CD1d-Restricted NKT Cells Respond in
Different Ways With Divergent Kinetics to IL-2 Treatment in Primary HIV-1
Infection. Scand J Immunol (2011) 73(2):141–6. doi: 10.1111/j.1365-3083.
2010.02484.x

41. Mavilio D, Benjamin J, Daucher M, Lombardo G, Kottilil S, Planta MA, et al.
Natural Killer Cells in HIV-1 Infection: Dichotomous Effects of Viremia on
Inhibitory and Activating Receptors and Their Functional Correlates. Proc
Natl Acad Sci U S A (2003) 100(25):15011–6. doi: 10.1073/pnas.2336091100

42. Ahmad F, Tufa DM, Mishra N, Jacobs R, Schmidt RE. Terminal
Differentiation of CD56dimCD16+ Natural Killer Cells Is Associated With
Increase in Natural Killer Cell Frequencies After Antiretroviral Treatment in
HIV-1 Infection. AIDS Res Hum Retroviruses (2015) 31(12):1206–12. doi:
10.1089/aid.2015.0115

43. Rueff J, Medinger M, Heim D, Passweg J, Stern M. Lymphocyte Subset
Recovery and Outcome After Autologous Hematopoietic Stem Cell
Transplantation for Plasma Cell Myeloma. Biol Blood Marrow Transplant
(2014) 20(6):896–9. doi: 10.1016/j.bbmt.2014.03.007

44. Freud AG, Keller KA, Scoville SD, Mundy-Bosse BL, Cheng S, Youssef Y, et al.
NKp80 Defines a Critical Step During Human Natural Killer Cell
Development. Cell Rep (2016) 16(2):379–91. doi: 10.1016/j.celrep.2016.05.095

45. Lopez-Vergès S, Milush JM, Pandey S, York VA, Arakawa-Hoyt J, Pircher H,
et al. CD57 Defines a Functionally Distinct Population of Mature NK Cells in
the Human CD56dimCD16+ NK-Cell Subset. Blood (2010) 116(19):3865–74.
doi: 10.1182/blood-2010-04-282301

46. Strauss-Albee DM, Liang EC, Ranganath T, Aziz N, Blish CA. The Newborn
Human NK Cell Repertoire Is Phenotypically Formed But Functionally
Reduced. Cytometry B Clin Cytom (2017) 92(1):33–41. doi: 10.1002/cyto.
b.21485

47. Moir S, Malaspina A, Pickeral OK, Donoghue ET, Vasquez J, Miller NJ, et al.
Decreased Survival of B Cells of HIV-Viremic Patients Mediated by Altered
Expression of Receptors of the TNF Superfamily. J Exp Med (2004) 200
(5):587–99. doi: 10.1084/jem.20032236

48. Lane HC, Masur H, Edgar LC, Whalen G, Rook AH, Fauci AS. Abnormalities
of B-Cell Activation and Immunoregulation in Patients With the Acquired
Immunodeficiency Syndrome. N Engl J Med (1983) 309(8):453–8. doi:
10.1056/NEJM198308253090803

49. van Grevenynghe J, Cubas RA, Noto A, DaFonseca S, He Z, Peretz Y, et al.
Loss of Memory B Cells During Chronic HIV Infection Is Driven by Foxo3a-
and TRAIL-Mediated Apoptosis. J Clin Invest (2011) 121(10):3877–88. doi:
10.1172/JCI59211

50. Notermans DW, de Jong JJ, Goudsmit J, Bakker M, Roos MT,
Nijholt L, et al. Potent Antiretroviral Therapy Initiates Normalization of
Frontiers in Immunology | www.frontiersin.org 18
Hypergammaglobulinemia and a Decline in HIV Type 1-Specific Antibody
Responses. AIDS Res Hum Retroviruses (2001) 17(11):1003–8. doi: 10.1089/
088922201300343681

51. Saliba RM, Rezvani K, Leen A, Jorgensen J, Shah N, Hosing C, et al. General
and Virus-Specific Immune Cell Reconstitution After Double Cord Blood
Transplantation. Biol Blood Marrow Transplant (2015) 21(7):1284–90. doi:
10.1016/j.bbmt.2015.02.017

52. Tan CS, Broge TA Jr., Ngo L, Gheuens S, Viscidi R, Bord E, et al. Immune
Reconstitution After Allogeneic Hematopoietic Stem Cell Transplantation Is
Associated With Selective Control of JC Virus Reactivation. Biol Blood
Marrow Transplant (2014) 20(7):992–9. doi: 10.1016/j.bbmt.2014.03.018

53. Hakki M, Riddell SR, Storek J, Carter RA, Stevens-Ayers T, Sudour P, et al.
Immune Reconstitution to Cytomegalovirus After Allogeneic Hematopoietic
Stem Cell Transplantation: Impact of Host Factors, Drug Therapy, and
Subclinical Reactivation. Blood (2003) 102(8):3060–7. doi: 10.1182/blood-
2002-11-3472

Author Disclaimer: The content is solely the responsibility of the authors and
does not necessarily represent the official views of the National Institutes of
Health.

Conflict of Interest: PS, Seattle Genetics, Research funding. AK, Celgene,
Consultancy, Speakers Bureau, Millennium/Takeda, Consultancy, Speakers
Bureau, Onyx, Consultancy, Speakers Bureau, Janssen, Consultancy, Speakers
Bureau. Hofmeister, Signal Genetics, Inc., Membership on an entity’s Board of
Directors or advisory committees, Celgene, Research Funding; Arno Therapeutics,
Inc., Research Funding, Incyte, Corp, Membership on an entity’s Board of
Directors or advisory committees, Janssen, Pharmaceutical Companies of
Johnson & Johnson, Research Funding, Karyopharm Therapeutics, Research
Funding, Takeda Pharmaceutical Company, Research Funding, Teva,
Membership on an entity’s Board of Directors or advisory committees. SF,
Mustang Therapeutics, Other, Construct licensed by City of Hope. WN, Atara
Biotherapeutics, employment, stock ownership. GL, Boehringer Ingelheim,
Research Funding, Beckman Coulter, Research Funding, Stemline Therapeutics
Inc., Research Funding, Genentech. RB, Prelude Therapeutics, Research Funding
and Scientific Advisory Board, Viracta, Scientific Advisory Board. AN, Janssen,
Membership on a Board or Advisory Committee; Medscape, Honoraria;
Morphosys, Membership on a Board or Advisory Committee; Pharmacyclics,
Research Funding, Honoraria; Rafael Pharma, Research Funding; Epizyme,
Membership on a Board or Advisory Committee; Physician Education
Resource, Consulting. MM and AMM are employed by EMMES Company.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Shindiapina, Pietrzak, Seweryn, McLaughlin, Zhang, Makowski,
Ahmed, Schlotter, Pearson, Kitzler, Mozhenkova, Le-Rademacher, Little, Akpek,
Ayala, Devine, Kaplan, Noy, Popat, Hsu, Morris, Mendizabal, Krishnan,
Wachsman, Williams, Sharma, Hofmeister, Forman, Navarro, Alvarnas,
Ambinder, Lozanski and Baiocchi. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
September 2021 | Volume 12 | Article 700045

https://doi.org/10.4049/jimmunol.172.11.6735
https://doi.org/10.4049/jimmunol.179.11.7244
https://doi.org/10.4049/jimmunol.175.6.3534
https://doi.org/10.1016/j.immuni.2005.03.012
https://doi.org/10.4049/jimmunol.180.11.7240
https://doi.org/10.4049/jimmunol.175.10.6368
https://doi.org/10.1111/j.1365-3083.2010.02484.x
https://doi.org/10.1111/j.1365-3083.2010.02484.x
https://doi.org/10.1073/pnas.2336091100
https://doi.org/10.1089/aid.2015.0115
https://doi.org/10.1016/j.bbmt.2014.03.007
https://doi.org/10.1016/j.celrep.2016.05.095
https://doi.org/10.1182/blood-2010-04-282301
https://doi.org/10.1002/cyto.b.21485
https://doi.org/10.1002/cyto.b.21485
https://doi.org/10.1084/jem.20032236
https://doi.org/10.1056/NEJM198308253090803
https://doi.org/10.1172/JCI59211
https://doi.org/10.1089/088922201300343681
https://doi.org/10.1089/088922201300343681
https://doi.org/10.1016/j.bbmt.2015.02.017
https://doi.org/10.1016/j.bbmt.2014.03.018
https://doi.org/10.1182/blood-2002-11-3472
https://doi.org/10.1182/blood-2002-11-3472
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Immune Recovery Following Autologous Hematopoietic Stem Cell Transplantation in HIV-Related Lymphoma Patients on the BMT CTN 0803/AMC 071 Trial
	Introduction
	Methods
	Flow Cytometry Acquisition and Analysis
	Statistics
	Unsupervised Principal Component Analysis
	Importance Index and Feature Importance Score Analysis
	Statistical Analysis Comparing Distributions of Absolute Cell Numbers and Cell Proportions of Specific Immune Cell Subsets
	Functional Immune Recovery Analysis
	Study Approval


	Results
	Demographics of Subject Cohorts
	Global Comparison of Immune Reconstitution in HIV(+) and HIV(-) Patients Following AHCT
	Differences in Specific Immune Cell Subsets in HIV(+) AHCT Recipients and Healthy Controls
	Differences Between Specific Immune Cell Subsets in HIV(+) AHCT Recipients, HIV(-) AHCT Recipients and Healthy Controls
	Functional T Cell Recovery in HIV(+) Patients After AHCT

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


